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FOREWORD 


This  report  was  compiled  by  the  Materials  Integrity  Branch,  Systems 
Support  Division,  Materials  Laboratory,  Air  Force  Wright  Aeronautical 
Laboratories,  Wright-Patterson  AFB,  Ohio.  It  was  initiated  under  Task 
24180704  "Corrosion  Control  &  Failure  Analysis"  with  Thomas  D.  Cooper  as 
the  Project  Engineer. 

This  technical  report  was  submitted  by  the  editors. 

The  purpose  of  this  1987  Conference  was  to  bring  together  technical 
personnel  in  D00  and  the  aerospace  industry  who  are  involved  in  the 
various  technologies  required  to  insure  the  structural  integrity  of 
aircraft  gas  turbine  engines  and  airframes.  It  provided  a  forum  to 
exchange  ideas  and  share  new  information  relating  to  the  critical 
aspects  of  durability  and  damage  tolerance  technology  for  aircraft 
systems.  The  Conference  was  sponsored  by  the  Aeronautical  Systems 
Division  Deputy  for  Engineering  and  Materials  Laboratory  of  the  Air 
Force  Wright  Aeronautical  Laboratories,  Wright-Patterson  AFB,  Ohio.  It 
was  hosted  by  the  Air  Force  Logistics  Command's  San  Antonio  Air 
Logistics  Center. 
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INTRODUCTION 


This  report  contains  the  proceedings  of  the  1987  Aircraft/Engine  4 
( AS  I P/ENS IP)  Conference  held  at  the  Hilton  Palacio  Del  Rio  Hotel  in  San 
Antonio,  Texas  ft»om  tho--f4^*st-throtrgh  the-third  of  December  of  1982*.  The 
conference,  which  was  sponsored  by  the  ASD  Deputy  for  Engineering  and  the 
AFWAL  Materials  Laboratory,  was  hosted  by  the  San  Antonio  Air  Logistics 
Center  Material  Management  Directorate  Fighter/Tactical/Management  Division 
(SA-ALC/MMS).  , 


*•  The  program  for  this  year  followed  the  format  of  the  1986  conference  by 
including  papers  from  integrity  programs  for  aircraft  and  engines.  The 
papers  given  on  engine  nondestructive  inspections  were  particularly  relevant 
to  the  work  in  this  field  at  the  SA-ALC.  Also  included  in  this  years 
program  was  an  update  of  the  work  in  mechanical  subsystems  integrity 
(MECSIP)  that  was  introduced  at  the  1985  ASIP  Conference.  The  high  quality 
of  papers  given  at  the  conference  attests  to  the 
maintain  the  structural  reliability  of  aircraft. 


good  work  in  progress  to 


The  sponsors  are  indebted  to  their  hosts  for  their  support  of  the 
conference  which  included  arranging  for  speakers  and  tours.  They  made  the 
arrangements  for  Major  General  L.  G.  Curtis  to  get  the  meeting  off  to  a  good 
start  with  some  very  timely  remarks.  They  also  arranged  for  tours  of  the 
San  Antonio  Air  Logistic  Center  and  the  Southwest  Research  Institute.  The 
sponsors  are  appreciative  of  the  efforts  made  by  these  two  organizations  to 
make  the  these  tour  events  significant  contributions  to  the  success  of  the 
conference.  They  are  also  indebted  to  the  conference  speakers  for  their 
excellent  technical  presentations  and  to  the  attendees  for  their  support  of 
the  conference.  Much  of  the  success  of  this  conference  is  due  to  the 
efforts  of  Jill  Jennewine  and  David  Bell  from  the  Universal  Technology 
Corporation.  Their  contribution  is  appreciated. 


John  W.  Lincoln 
ASD/ENFS 


Thomas  D.  Cooper 
AFWAL/MLSA 
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LESSONS  LEARNED  FOR  COMPOSITE 
AIRCRAFT  STRUCTURES  QUALIFICATION 


By 

R.  WHITEHEAD 


Presented  to 
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DECEMBER  1-3.  1987 


LESSONS  LEARNED  FOR  COMPOSITE  AIRCRAFT 
STRUCTURES  QUALIFICATION 


ABSTRACT 


An  overview  of  the  extensive  experience,  lessons 
learned,  and  recommended  certification  procedures 
from  two  major  USAF  composite  RfcD  programs  is  pre¬ 
sented.  Subject  areas  discussed  in  detail  are  static 
strength,  fatigue /durability,  and  damage  tolerance. 

INTRODUCTION 

The  increased  application  of  advanced  composite  materials  in  aircraft 
structures  requires  a  critical  assessment  of  the  adequacy  and  applicabi’  ity  of 
existing  metallic  oriented  certification  specifications  to  this  emerging  class  of 
materials.  To  do  this,  it  is  necessary  to  recognize  the  inherent  differences 
between  metals  and  composites.  These  inherent  property  differences  led  to 
an  ad  hoc  qualification  approach  for  early  production  hardware.  This  indi¬ 
vidual  requirement  development,  or  pay-as-you-go  approach,  while  satisfying 
the  immediate  need  at  a  "single  copy"  price,  limited  generic  application  and 
prolonged  airframe  development.  Thus,  in  the  long  run,  this  approach  was 
more  expensive  and  time-consuming  than  a  subscription  price  approach,  which 
repeatedly  uses  established  standardized  specifications.  A  need  exists, 
therefore,  for  an  orderly,  unified,  consistent,  and  verified  approach  for 
designing,  certifying,  and  force  managing  composite  structures.  This  need 
has  been  addressed  in  two  Air  Force  sponsored  RftD  programs.  The  purpose 
of  these  programs  was  to  develop  an  extensive  test  data  base  on  specimens 
ranging  in  complexity  from  coupons  through  elements,  element  combinations, 
subcomponents,  and  full-scale  wing  and  fuselage  structures.  This  data  base 
was  then  used  to  develop  draft  certification  specifications  for  static  strength, 
durability,  and  damage  tolerance.  In  addition  to  the  specifications,  certifi¬ 
cation  compliance  procedures  were  also  developed.  Details  of  this  work  were 
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presented  previously  in  the  open  literature  in  References  1-8.  This  paper 
discusses  experience,  lessons  learned,  and  recommended  certification  proce¬ 
dures  for  static  strength,  fatigue/durability,  and  damage  tolerance  of  com¬ 
posite  structures. 


STATIC  STRENGTH 


Experience 

Static  strength  testing  of  composites  has  shown  that  several  inherent 
differences  exist  between  composites  and  metals.  These  inherent  differences 
are  summarized  in  Figures  1-4. 

Figure  1  compares  the  static  strength  notch  sensitivity  of  composites 
and  metals  to  stress  concentrations  such  as  fastener  holes.  The  notched 
strength  of  metals  follows  the  net  section  strength  reduction  line.  In  con¬ 
trast,  composites  are  very  notch  sensitive  to  fastener  holes  under  both 
tension  and  compression  loading.  In  fact,  this  behavior  iB  similar  to  the 


FIGURE  1.  STATIC  NOTCH  SENSITIVITY  COMPARISON  OF  GRAPHITE/EPOXY 
AND  ALUMINUM  TO  FASTENER  HOLES 
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FIGURE  3.  INFLUENCE  OF  ENVIRONMENT  ON 
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Material 

Static  Strength 
Variability 

Design  Allowable/ 
Mean 

a 

C.V.  (%) 

Aluminum 

35 

3.5 

0.95 

Composite  - 
Laminate 

20 

6.5 

0.89 

Composite  - 
Bonded/Cocured 

12 

10.0 

0.84 

FIGURE  4.  COMPARISON  OF  STATIC  STRENGTH  VARIABILITY  OF 
COMPOSITES  AND  METALS 
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linear  elastic  response  of  metals  in  the  presence  of  fatigue  cracks.  The  static 
strength  notch  sensitivity  of  composites  is  caused  by  their  essentially  linear 
elastic  load-strain  response.  The  sensitivity  of  static  strength  to  loading 
direction  is  also  different  for  composites  and  metals.  Figure  2  shows  this 
comparison  for  longitudinal  (L),  transverse  (T),  and  out-of-plane  (S)  tension 
loading.  Aluminum  static  strength  is  relatively  insensitive  to  loading 
direction.  In  contrast,  graphite /epoxy  static  strength  is  significantly 
influenced  by  loading  direction.  This  is  caused  by  the  anisotropic  charac¬ 
teristics  of  composites.  The  differences  in  L  and  T  direction  strength  are 
simply  a  function  of  the  percent  0°,  ±45°  and  90°  plies  used  in  the  layup. 
However,  strength  in  the  S  direction  is  controlled  by  the  interlaminar  tension 
strength  between  the  plies,  which  is  very  low  and  is  in  the  3-4  ksi  range. 

Composites,  which  exhibit  matrix  controlled  failure  modes  (e.g.,  com¬ 
pression),  are  sensitive  to  the  aircraft  hygrothermal  environment.  In  par¬ 
ticular,  the  effects  of  temperature  and  moisture  have  a  synergistic  effect. 
Therefore,  the  strength  degradation  of  composites  in  hot /wet  environments 
controls  their  maximum  service  usage  temperature.  Figure  3  shows  the  influ¬ 
ence  of  temperature  and  moisture  content  on  composite  compression  static 
strength.  These  data  are  for  the  350*^  cure  system  AS4/3501-6.  Figure  3 
shows  that  as  the  test  temperature  is  increased  above  220°F,  strength  loss 
(relative  to  ambient)  is  15  percent,  while  at  250°  strength  loss  is  more  than 
doubled  to  33  percent.  This  large  strength  loss  is  due  to  rapid  degeneration 
in  resin  properties  (e.g.,  shear  stiffness),  which  is  caused  by  the  resin 
approaching  its  glass  transition  temperature.  In  contrast,  Figure  3  shows 
that  aluminum  strength  is  much  less  sensitive  to  temperature.  Figure  4  com¬ 
pares  the  static  strength  variability  of  composites  and  metals.  Because  of 
their  anisotropic  heterogeneous  characteristics,  composites  exhibit  higher 
variability  for  laminate  failure  modes.  For  cocured  composite-to-composite 
failure  modes,  even  higher  variability  (10  percent  coefficient  of  variation)  is 
observed.  This  causes  the  ratio  of  the  B-basics  design  allowable  to  mean 
value  to  be  lower  for  composites  compared  to  metals. 


These  property  differences  between  composites  and  metals  (notch  sensi¬ 
tivity,  weak  transverse  properties,  matrix -dominated  failures,  higher  varia¬ 
bility,  hygrothermal  sensitivity)  roust  be  addressed  in  static  strength 


structural  certification.  It  is  emphasized  that  these  properties  do  not  negate 
the  weight  efficiency  of  composite  structures,  just  that  different  parameters 
(from  metals)  are  important  in  composite  certification. 

The  historical  approach  to  design,  analysis,  and  certification  of  com¬ 
posite  structures  has  been  similar  throughout  the  industry.  Composite  design 
methods  have  been  tailored  to  recognize  the  unique  composite  properties 
shown  in  Figures  1-4.  In  addition,  conservative  strain  allowables  (3,000- 
5,000  pin/in  at  design  ultimate  load)  coupled  with  semi-empirical  analysis 
methods  have  been  used  for  flight  hardware.  Design  ultimate  load  had  also 
been  maintained  at  1.5  times  design  limit  load.  Structural  certification 
approaches  -have  mainly  been  based  on  metals  experience.  This  overall 
design,  analysis,  and  certification  approach  has  led  to  the  following  composite 
hardware  experience: 

1.  Significant  weight  savings  compared  to  metal  structure 

2.  Mixed  certification  success 

3.  Successful  in-service  application. 

Problems  associated  with  the  static  strength  certification  of 
composite  structures  are  discussed  below. 

Figure  5  shows  an  outer  wing  box  subcomponent  tested  in  Reference  1. 
The  box  consists  of  three  bays  with  cocured  intermediate  spar  to  lower  skin 
joints  and  an  upper  skin  access  hole.  Fifteen  wing  boxes  were  tested  as  fol¬ 
lows:  1)  three  room  temperature  ambient  (RTA)  static  tests;  2)  three  RTA 
residual  static  strength  tests  after  two  lifetimes  of  severe  fatigue  loading; 
3)  three  250°F/1.3  percent  moisture  (ETW)  static  tests  and  six  ETW  residual 
static  strength  tests  after  two  lifetimes  of  severe  environmental  fatigue 
loading.  No  fatigue  failures  occurred.  The  results  are  presented  in  Fig¬ 
ure  6.  The  predicted  failure  mode  for  all  the  RTA  tests  was  a  lower  skin 
failure  mode,  which  was  observed  in  five  of  the  six  tests.  The  failure  mode 
in  the  sixth  test  was  an  unanticipated  separation  of  the  cocured  intermediate 
spar/lower  skin  joints.  This  failure  mode  was  not  expected  because  the  joint 
had  a  margin  of  safety  of  1.35.  Post-test  failure  analysis  led  to  the  following 
scenario  for  this  failure  mode.  In  addition  to  the  shear  flow  in  the  joint, 
stress  analysis  of  the  steel  shear  clips,  which  were  used  to  transfer  shear 
load  through  the  pylon  rib,  showed  that  the  clips  had  a  low  torsional 
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FIGURE  6.  SUMMARY  OF  WING  BOX  SUBCOMPONENT  FAILURE  LOADS  AND  MODES 


stiffness.  The  load  carrying  capability  of  the  bonded  joint  was  reduced  due 
to  bending  moments  induced  by  the  relatively  long  length,  L,  of  the  shear 
clip.  This  is  shown  in  Figure  7.  Flexibility  of  the  clip,  where  it  attaches  to 
the  rib,  caused  the  moment  M  to  be  small  relative  to  VL,  with  the  result  that 
the  moment  must  be  reacted  through  the  skin/spar  joint.  It  was  this  flatwise 
tension  load  combined  with  the  shear  flow  which  led  to  the  failure  in  the 
cocured  joint.  To  inhibit  this  failure  mode  in  the  full-scale  wing  box,  the 
shear  clip  was  redesigned  with  enhanced  torsional  stiffness. 


FIGURE  7.  WING  BOX  SUBCOMPONENT  LOWER  SKIN/INTERMEDIATE  SPAR 

JOINT  SHEAR  CLIP  LOADING 


The  predicted  failure  mode  for  all  the  ETW  tests  was  upper  skin  failure 
at  the  access  hole,  which  was  observed  in  eight  of  the  nine  tests.  However, 
considerable  strength  scatter  was  observed  (87  percent  to  132  percent  DUL). 
The  ninth  specimen  failed  by  the  same  unanticipated  intermediate  spar/lower 
skin  cocured  joint  failure  mode  previously  observed  under  RTA  conditions. 

Following  testing  of  the  wing  box  subcomponents,  four  full-scale  wing 
boxes  were  tested.  The  failure  loads  and  failure  modes  are  summarized  in 
Figure  8.  The  predicted  failure  mode  for  the  two  RTA  tests  was  lower  skin 
failure.  However,  both  test  failures  were  caused  by  failure  of  the  ten 
intermediate  spar /lower  skin  cocured  joints ,  as  shown  in  Figure  9.  This  was 
the  same  unexpected  failure  mode  as  that  observed  in  the  wing  box  subcom¬ 
ponent  and  occurred  despite  a  careful  redesign  of  the  spar  to  rib  shear  clips. 
The  predicted  ETW  failure  mode  was  upper  skin  failure,  which  was  observed 
in  both  test  articles.  The  predicted  and  observed  failure  mode  change 
between  RTA  and  ETW  tests  was  caused  by  the  static  design  conditions.  For 

ambient  conditions,  a  subsonic  high  N  pull-up  maneuver  was  the  most  critical 

z 

design  case,  whereas  a  supersonic  moderate  11  pull-up  maneuver  was  the 
most  critical  design  case  for  ETW  conditions. 


The  occurrence  of  unexpected  failure  modes  in  full-scale  static  strength 
tests  has  occurred  in  many  other  hardware  development  programs. 
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FIGURE  9.  FULL-SCALE  WING  BOX  RTA  INTERMEDIATE  SPAR/LOWER  SKIN 
CO-CURED  JOINT  STATIC  FAILURE  MODE 

Unfortunately,  for  obvious  reasons,  many  have  not  been  documented  in  the 
open  literature.  One  exception  is  the  NASA  ACEE  program  experience 
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documented  in  Reference  9.  Unexpected  failure  modes  were  observed  in  three 
separate  full-scale  hardware  tests.  One  example  for  a  transport  aircraft 
vertical  stabilizer  is  shown  in  Figure  10. 
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FIGURE  10.  FRONT  SPAR  CAP  FAILURE  IN  A  TRANSPORT  AIRCRAFT 
VERTICAL  STABILIZER  STATIC  TEST  (REFERENCE  9) 


The  fin  failed  at  98  percent  of  design  ultimate  load  during  the  planned 
test  to  106  percent  of  design  ultimate  load  in  bending.  Failure  caused  sep¬ 
aration  of  the  cover  and  front  spar  along  the  entire  length  of  the  spar  as 
well  as  considerable  internal  damage  to  rib  structure.  After  an  investigation, 
the  cause  of  failure  was  determined  to  be  due  to  secondary  loads,  of  which 
the  principal  contributor  probably  was  local  buckling  of  the  cover  near  the 
front  spar  interface.  While  local  buckling  beyond  limit  load  was  allowed  in 
the  design,  the  influence  of  loads  caused  by  buckling  on  the  integrity  of  the 
structure  was  unexpected.  Interlaminar  tension  forces  caused  delamination  of 
the  spar  cap  as  shown  by  the  insert  in  Figure  9  and  ultimate  separation  along 
the  line  of  fasteners. 

Lessons  Learned 

Some  very  important  lessons  have  been  learned  from  our  static  strength 
certification  experience.  First,  the  low  interlaminar  strength  of  composites 
makes  them  sensitive  to  out-of-plane  loads.  Out-of-plane  loads  can  arise 
directly  (e.g.,  from  fuel  pressure)  or  indirectly  from  in-plane  loads.  The 
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most  difficult  loads  to  design  and  analyze  for  are  those  loads  which  arise 
insidiously  in  full-scale  built-up  structures.  It  is  very  important,  therefore, 
to  recognize  all  potential  sources  of  out-of-plane  loads  and  design  composite 
structure  to  maximize  interlaminar  strength. 

An  example  of  this  requirement  is  presented  in  Figure  11  for  a  compos¬ 
ite  torque  box  with  cocured  substructure  and  skins  which  are  allowed  to 
buckle  prior  to  design  ultimate  load.  The  skin  postbuckling  produces  out-of¬ 
plane  flatwise  tension,  compression,  and  bending  loads  in  the  spars.  The 
amount  of  postbuckling  is  limited  by  the  strength  of  the  skins,  the  skin/ 
substructure  interface,  and  the  spar  substructure.  Figure  11  shows  the 
possible  failure  modes  for  the  all-composite  torque  box  subjected  to  post¬ 
buckling  loads.  The  cover  skin  can  fail  if  the  local  outer  fiber  compression 
strength  of  the  laminate  is  exceeded  due  to  bending,  or  if  the  interlaminar 
shear  strength  of  the  laminate  is  exceeded.  The  skin /substructure  attach¬ 
ment  can  fail  if  delamination  occurs  in  the  cocured  joint,  or  if  the  transverse 
load  exceeds  the  pull-through  strength  of  the  fasteners /laminate  combination, 
or  the  strength  of  the  spar  caps  or  the  transverse  shear  strength  of  the 
flange.  In  addition,  the  radius  portion  of  the  spar  flange  /web  can  fail  if  the 
interlaminar  shear  or  flatwise  tension  strength  is  exceeded.  Finally,  com¬ 
pression  failure  of  the  spar  web  can  occur  if  the  web  does  not  have  enough 
strength  to  resist  the  crushing  loads  induced  by  buckling  of  the  cover  skins 
and  overall  stabilizer  bending. 

Another  important  conclusion  from  our  static  strength  certification 
experience  is  as  follows.  The  full-scale  static  strength  test  identifies 
structural  "hot-spots."  This  is  the  reverse  of  our  experience  with  metal 
structures,  where  "hot-spots"  are  generally  identified  in  the  full-scale  fatigue 
test. 

Figure  12  summarizes  the  lessons  learned  from  static  strength  certifica¬ 
tion  testing  of  composite  structures. 

Certification  Recommendations 

The  follow  static  strength  certification  recommendations  are  based  on 
the  experience  and  lessons  learned  described  above. 
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FIGURE  11.  POTENTIAL  OUT-OF-PLANE  FAILURE  MODES  IN  A  COMPOSITE  TORQUE  BOX 


Inherent  Property  Differences  Exist  Between 
Composites  and  Metals 


•  Composite  Structures  Are  Sensitive  to 
Out-of-Plane  Loads 


Multiplicity  of  Potential  Failure  Modes 


•  Failure  Modes  of  Full-Scale  Structures  Are 
Difficult  to  Predict 


Static-Strength  Test  Identifies  Structural 
"Hot  Spots" 


FIGURE  12.  SUMMARY  OF  LESSONS  LEARNED  FROM  STATIC  STRENGTH 
CERTIFICATION  TESTING  OF  COMPOSITE  STRUCTURES 


Material  selection .  Material  selection  is  crucial  to  the  successful 
application  of  composites  in  primary  aircraft  structures.  Composite  materials 


have  operating  limits  just  as  aluminum  does.  Selection  of  a  composite  material 
should  be  based  on  the  relationship  between  the  aircraft  hygrothermal  envel¬ 
ope  and  the  material  operating  limits  (MOL).  The  material  operating  limit  is 
reached  when  the  synergistic  effect  of  temperature  and  moisture  causes 
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severe  degradation  in  resin  mechanical  properties.  Good  design  practice  dic¬ 
tates  that  composites  should  not  be  used  in  this  regime. 

The  concept  of  a  MOL  is  shown  schematically  in  Figure  13  for  an  envi¬ 
ronmentally  sensitive  failure  mode.  The  decrease  in  design  allowable  strain  as 
temperature  increases  is  shown  for  a  constant  moisture  level.  Catastrophic 
strength  loss  coincides  with  severe  degradation  in  resin  properties  as  the 
glass  transition  temperature  (Tg)  is  reached.  In  order  to  operate  in  a  stife 
regime,  the  MOL  should  be  reduced  below  the  Tg  by  a  safety  factor  K.  This 
produces  the  shaded  material  service  envelope  shown  in  Figure  13. 


Temperature  mol  tq 

FIGURE  13.  MATERIAL.  SELECTION  CRITERION 


The  discussion  above  appears  to  be  a  statement  of  the  obvious.  How¬ 
ever,  violations  of  the  approach  shown  in  Figure  13  have  occurred  and  have 
led  to  disastrous  certification  experiences.  It  should  also  be  noted  that 
careful  compliance  with  the  requirements  in  Figure  13  will  minimize  environ¬ 
mental  issues  in  the  subsequent  certification  test  program. 

Design  verification  testing.  Design  development  tests  are  conducted 
prior  to  the  full-scale  test.  The  objective  of  these  tests  is  to  validate  the 
design  of  critical  structural  features. 

A  building  block  approach  to  design  development  testing  is  crucial  for 
the  certification  of  composite  structures  because  of  their  sensitivity  to 
out-of-plane  loads  and  their  multiplicity  of  potential  failure  modes.  This  is 
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discussed  in  more  detail  in  Reference  5.  The  essence  of  the  building  block 
approach  for  composites  is  as  follows.  First,  use  the  design /analysis  of  the 
aircraft  structure  to  select  critical  areas  for  test  verification.  Second, 
determine  the  most  strength-critical  failure  mode  for  each  design.  Third, 
select  the  test  environment  which  will  produce  the  strength  critical  failure 
mode.  Special  attention  should  be  given  to  matrix  sensitive  failure  modes 
(such  as  compression  and  bondline)  and  potential  stress  "hot  spots"  caused 
by  out-of-plane  loads.  Following  selection  of  the  critical  failure  modes,  a 
series  of  specimens  is  designed,  each  one  to  simulate  a  single  failure  mode. 
These  specimens  will  generally  be  low  complexity  specimens.  However,  the 
crux  of  the  building  approach  is  to  also  design  test  specimens  which  simulate 
progressive  design  complexity.  In  this  way,  multiple  potential  failure  modes 
are  interrogated. 

This  building  block  method  to  design  development  testing  provides  a 
step-by-step  approach  to  composite  design  development  testing,  which  has 
several  advantages: 

1.  The  influence  of  the  environment  on  individual  failure  modes  is 
determined . 

2.  The  interaction  of  failure  modes  is  established  from  the  known 
behavior  of  individual  failure  modes. 

3.  Scale-up  effect  is  determined  from  data  on  smaller-scale  specimens. 

4.  "Hot  spots"  induced  in  complex  structures  can  be  analyzed  relative 
to  the  known  behavior  of  smaller  specimens. 

Specimen  complexity  should  be  a  function  of  the  design  feature  being 
validated  and  the  predicted  failure  mode.  Special  attention  should  be  given 
to  correct  failure  mode  simulation,  since  failure  modes  are  frequently  depen¬ 
dent  on  the  test  environment.  In  particular,  the  influence  of  complex  loading 
on  the  local  stress  at  a  given  design  feature  must  be  evaluated.  In  compos¬ 
ites,  out-of-plane  stresses  can  be  detrimental  to  structural  integrity  and 
therefore  require  careful  evaluation. 

An  example  of  the  building  block  approach  for  specimen  complexity  is 
given  in  Figure  14,  which  shows  the  approach  used  for  the  wing  structure  in 
Reference  1.  Here  the  wing  structure  has  been  broken  down  into  critical 
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FIGURE  14.  BUILDING  BLOCK  APPROACH  USED  FOR  THE  WING  STRUCTURE 

IN  REFERENCE  1 

areas.  Each  critical  area  has  been  simulated  in  a  test  specimen  whose  com¬ 
plexity  is  governed  by  the  necessity  to  simulate  all  potential  failure  mode(s). 
Particular  attention  was  given  to  matrix  critical  failure  modes.  The  following 
recommendations  are  made  for  specimen  complexity  simulation  in  design 
development  testing: 

1.  Use  the  design /analysis  of  the  aircraft  structure  to  select  critical 
areas  for  test  verification. 

2 .  Specimen  complexity  should  be  controlled  by  the  requirement  to 
simulate  the  correct  (full-scale  structure)  failure  mode(s)  in  the 
specimen. 

3.  Special  attention  should  be  given  to  matrix  sensitive  failure  modes, 
such  as  compression,  bondline,  and  hole  wear. 

4.  Potential  "hot  spots"  caused  by  out-of-plane  loads  should  be  care¬ 
fully  evaluated. 


The  sensitivity  of  composite  matrix  dominated  failure  modes  to  the  air¬ 
craft  hygrothermal  environment  makes  environmental  test  simulation  8  key 
issue.  Environmental  test  simulation  should  be  considered  separately  for 
static  and  durability  testing.  However,  the  static  test  philosophy  will  form 
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an  integral  part  of  the  overall  test  philosophy.  The  philosophy  for  static 
design  development  tests  should  be  that  the  test  environment  used  will  be  the 
one  that  produces  the  failure  mode  which  gives  the  lowest  6tatic  strength. 

Full-scale  test.  The  full-scale  static  test  is  the  most  crucial 
qualification  test  for  composite  structures  for  the  following  reasons. 
Secondary  loads  are  virtually  impossible  to  eliminate  from  complex  built-up 
structures.  Such  loads  can  be  produced  by  eccentricities,  stiffness  changes, 
discontinuities,  fuel  pressure  loading,  and  loading  in  the  post-buckled  range. 
Some  of  these  sources  of  secondary  loads  are  represented  for  the  first  time  in 
the  full-scale  structural  test  article.  These  loads  are  not  a  significant  design 
driver  in  metallic  structures.  However,  the  poor  interlaminar  strength  of 
composites  makes  them  extremely  susceptible  to  out-of-plane  secondary  loads. 
It  is  very  important,  therefore,  to  carefully  account  for  these  loads  in  the 
design  of  composite  structures.  Unfortunately,  there  is  a  general  state  of 
uncertainty  as  to  the  source,  magnitude,  and  effects  of  secondary  loads  in 
complex  built-up  full-scale  composite  structures.  This  has  been  confirmed  by 
several  documented  examples  of  unanticipated  secondary  loads  leading  to 
unexpected  failure  modes  in  full-scale  composite  structural  static  tests. 

In  addition,  a  detailed  correlation  in  terms  of  measured  load  and  strain 
distributions,  structural  analysis  data,  and  environmental  effects  between  the 
design  development  and  full-scale  test  data  will  be  necessary  to  provide 
assurance  of  composite  static  strength.  Static  test  environmental  degradation 
must  be  accounted  for  separately  either  by  adverse  condition  testing,  by 
additional  test  design  factors,  or  by  correlation  with  environmental  design 
development  test  data. 

Work  in  Reference  1  .has  shown  that  the  RT /ambient  static  test  plays 
the  most  significant  role  in  revealing  unexpected  hot  spot  failures  from  sec¬ 
ondary  out-of-plane  loads.  A  room  temperature  environment  is,  therefore, 
recommended  for  the  full-scale  static  test,  which  should  be  conducted  to 
failure.  This  recommendation  is  not  universally  accepted  by  all  certification 
agencies.  Some  agencies  favor  an  environmental  static  test  which  corresponds 
to  the  temperature  and  absorbed  moisture  level  of  the  most  critical  static 
design  condition.  This  issue  is  most  significant  in  fighter  aircraft  where  a 
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hot/wet  failure  mode  is  often  the  most  critical  design  condition.  Unfortu¬ 
nately,  a  full-scale  environmental  static  test  is  very  expensive  and  time- 
consuming.  A  possible  solution  to  this  problem,  proposed  by  Dr.  Lincoln  in 
Reference  3,  is  as  follows:  the  design  philosophy  would  not  permit  any  sig¬ 
nificant  change  in  failure  mode  due  to  environment.  For  example,  consider  an 
aircraft  structure,  where  the  most  critical  design  load  condition  is  associated 
with  a  hot/wet  environment.  The  requirement  of  this  philosophy  would  be  for 
the  structure  to  be  designed  to  have  the  same  failure  mode  under  both  hot/ 
wet  and  RT /ambient  conditions.  This  approach  would  eliminate  the  need  for 
hot  /wet  qualification  testing.  If  this  design  requirement  had  been  adopted 
for  the  fighter  aircraft  wing  structure  in  Reference  1,  a  weight  penalty  of 
approximately  6  percent  would  have  been  incurred  in  the  main  wing  box 
structure . 

FATIGUE/DURABILITY 

Composites  have  superb  fatigue  properties.  Figure  15  compares  the 
RTA  spectrum  fatigue  behavior  of  graphite /epoxy  and  aluminum  under  their 
respectively  most  sensitive  fatigue  loading  modes.  It  can  be  seen  that 
graphite/epoxy  fatigue  response  is  vastly  superior  to  aluminum.  This  has 
been  confirmed  by  the  extensive  environmental  data  base  generated  in  Refer¬ 
ence  1  and  summarized  in  Reference  6. 
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In  this  work,  several  hundred  specimens  ranging  in  complexity  from 
coupons  to  elements  to  element  combinations  to  subcomponents  to  full-scale 
wing  and  fuselage  structures  were  tested  under  very  severe  environmental 
and  fatigue  loading  conditions.  The  fatigue  loading  was  much  more  severe 
than  the  design  spectrum.  All  tests  were  conducted  with  the  maximum  spec¬ 
trum  load  set  at  72  percent  of  the  previously  determined  average  static  failure 
load,  which  led  to  test  spectra  with  significant  load  enhancement  factors 
compared  to  design.  In  addition,  severe  quasi-real  time  environmental  cycling 
was  imposed  on  the  test  articles.  This  involved  continuous  thermal  cycling, 
severe  thermal  spikes,  and  regular  moisture  absorption /deabsorption  cycles. 
Representative  results  are  presented  in  Figure  16.  No  fatigue  failures 
occurred  in  the  two  lifetimes  of  fighter  aircraft  fatigue  loading  and  all 
specimens  were  residual  static  strength  tested  at  250°F/wet  environmental 
conditions.  Figure  16  shows  some  variability  in  residual  strength;  however, 
this  was  determined  to  be  due  to  scatter  in  static  strength  rather  than 
fatigue  degradation.  It  should  be  noted  that  even  matrix  sensitive  failure 
modes  such  as  compression  and  out-of-plane  flatwise  tension  were  not  fatigue 
sensitive . 
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FIGURE  16.  ENVIRONMENTAL  SPECTRUM  FATIGUE  AND  RESIDUAL  STATIC 
STRENGTH  RESPONSE  OF  COMPOSITE  STRUCTURES 

Figure  17  shows  a  comparison  of  the  scatter  in  spectrum  fatigue  life 
observed  in  composites  and  aluminum.  The  scatter  in  life  is  inversely  pro¬ 
portional  to  the  Weibull  shape  parameter  (a  ).  That  is,  the  higher  the  value 
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FIGURE  17.  COMPARISON  OF  THE  SPECTRUM  FATIGUE  LIFE  DATA  SCATTER 
OF  COMPOSITES  AND  ALUMINUM 


of  a,  the  lower  the  scatter  in  fatigue  life  data.  Figure  17  shows  that  compos¬ 
ites  exhibit  significantly  higher  scatter  than  aluminum.  This  is  caused  by  the 
significantly  flatter  S-N  curves  (superior  fatigue  resistance)  observed  in 
composites . 


In  metallic  structures,  it  has  been  demonstrated  that  both  fatigue 
initiation  life  and  crack  growth  life  are  a  function  of  load  sequence.  This 
load  sequence  dependence  is  caused  by  high  loads  producing  residual  com¬ 
pressive  stresses,  which  reduce  the  fatigue  damage  accumulation  rate.  His¬ 
torically,  therefore,  considerable  attention  has  been  given  in  metallic  fatigue 
tests  to  careful  simulation  of  the  flight-by-flight  loading  history.  In  par¬ 
ticular,  the  number  of  high  loads  included  in  the  fatigue  test  spectrum  has 
been  a  subject  of  concern.  A  common  practice  is  to  delete  some  high  loads 
from  the  fatigue  test  spectrum  in  order  to  provide  a  conservative  fatigue 
test,  since  retardation  of  crack  initiation  will  be  reduced  by  the  omission  of 
the  high  loads.  In  composite  materials,  no  significant  load  sequence  effect  on 
fatigue  life  has  been  observed.  However,  studies  on  load  spectrum  variations 
have  shown  that  composites  are  extremely  sensitive  to  variations  in  the  num¬ 
ber  of  high  loads  in  the  fatigue  spectrum.  In  contrast,  truncation  of  low 
loads  does  not  significantly  affect  fatigue  life.  These  differences  in  load 
spectrum  sensitivity  may  lead  to  contradictory  load  history  requirements  for  a 
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mixed  composite/metal  fatigue  test.  For  example,  removal  of  some  high  loads 
may  be  prudent  for  the  metallic  structure,  while  their  removal  may  cause 
significant  overestimation  of  composite  fatigue  life. 

Although  composites  have  outstanding  fatigue  resistance,  they  have 
exhibited  some  durability  sensitivity.  Durability  is  defined  by  the  USAF  as  a 
measure  of  economic  life.  Adequate  structural  durability  is  assured  by  elim¬ 
inating  functional  impairment  during  the  life  of  the  airframe.  Functional 
impairment  occurs  when  excessive  repair  or  part  replacement  causes  unaccep¬ 
table  economic  burden.  Thus,  durability  is  an  economic  issue,  not  a  safety 
issue . 

The  durability  in-service  experience  with  monolithic  structures  has  been 
excellent.  However,  durability  experience  with  thin-skinned  honeycomb 
structure  has  been  less  satisfactory.  The  following  problems  have  occurred: 

1.  Sensitivity  to  low-level  impacts  « 10  ft-lb),  causing  visible  skin 
damage,  nonvisible  skin  or  core  damage,  accelerated  moisture  intru¬ 
sion,  and  core  corrosion 

2.  High  repair  frequency 

3.  Excessive  part  replacement. 

These  problems  have  caused  unacceptable  maintainability  and  supportability 
costs . 

Lessons  Learned 

Two  major  lessons  have  been  learned  from  our  composite  fatigue/ 
durability  experience.  These  are: 

1.  Composites  have  outstanding  fatigue  resistance.  For  realistic 
structural  laminates  in  typical  design  applications,  composite 
structures  can  be  considered  to  be  fatigue  insensitive,  if  they 
possess  adequate  static  strength. 

2.  Maintainability  and  supportability  of  thin-skinned  honeycomb  struc¬ 
tures  has  been  poor. 
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Certification  Recommendations 


Detailed  recommendations ,  given  in  Reference  1 ,  are  summarized  below . 

Load  Spectrum  Simulation .  The  same  general  guidelines  established  for 
metallic  structures  should  be  used.  The  following  recommendations  are  made 
for  load  spectrum  simulation  in  composite  fatigue  testing: 

1.  High  loads  in  the  fatigue  spectrum  must  be  carefully  simulated. 

2.  Lo v/  loads  «30  percent  limit  load  stress)  may  be  truncated  to  save 
test  time  without  significantly  affecting  fatigue  life. 

Mixed  composite /metal  structure.  Because  of  the  superior  fatigue 
performance  of  composites,  a  mixed  composite /metal  structure  fatigue  will 
essentially  interrogate  adequately  only  the  metal  structure.  Thus,  any 
potential  "hot  spots"  in  the  composite  structure  may  not  be  found. 

Because  of  the  potential  inadequacy  of  full-scale  tests  on  mixed 
composite /metal  structures  and  also  the  natural  reluctance  to  overdesign  metal 
parts  in  a  full-scale  test  structure,  it  will  be  necessary  to  validate  the 
composite  structure  during  the  design  development  testing  phase.  However, 
the  specimen  complexity  should  be  adequate  to  enable  the  performance  of  the 
full-scale  structure  to  be  correctly  simulated.  Validation  of  the  composite 
structure  using  subcomponent  tests  can  offer  the  following  advantages: 

1.  The  components  may  be  chosen  for  test  purposes  to  interrogate  the 
composite  structure  only. 

2.  If  environmental  test  conditions  are  required,  it  will  be  easier  and 
cheaper  to  achieve  in  a  component. 

3.  It  may  be  possible  to  test  more  than  one  replicate  and  thus  increase 
confidence  in  the  data  base. 

4.  The  results  can  be  utilized  in  the  certification  of  the  full-scale 
structure. 

For  component  tests  to  achieve  their  objective,  great  care  must  be 
taken  in  getting  the  boundary  conditions  correct.  In  addition,  eliminating 


metal  failure  modes  by  overdesign  or  replacement  must  be  carefully  evaluated 
so  that  relative  effects  such  as  differential  thermal  expansion  are  not  masked. 


Environmental  simulation .  The  environmental  complexity  necessary  for 
fatigue  design  development  testing  will  depend  on  the  aircraft  hygrothermal 
history.  Three  factors  must  be  considered.  These  are:  structural  tempera¬ 
tures  for  each  mission  profile,  the  load/temperature  relationship  for  the 
aircraft,  and  the  moisture  content  as  a  function  of  aircraft  usage  and  struc¬ 
ture  thickness.  In  order  to  obtain  these  data,  it  is  necessary  to  derive 
real-time  load-temperature  profiles  for  each  misson  in  the  aircraft's  history. 
These  relationships  will  have  a  significant  influence  on  the  fatigue  test 
environment,  and  are  strongly  dependent  on  the  aircraft  type,  configuration, 
and  mission  requirements  and  must  be  carefully  developed  on  a  case-by-case 
basis.  The  structural  material  should  be  selected  to  meet  these  mission 
requirements  using  the  criterion  in  Figure  13.  If  this  is  accomplished,  hot/ 
wet  fatigue  testing  will  be  minimized.  Material  selections  which  lead  to  sig¬ 
nificant  environmental  fatigue  test  requirements  should  be  a  last  resort. 


Scatter.  The  large  scatter  in  composite  fatigue  life  data  makes  the 


traditional  life  factor  approach  used  for  metals  impractical  because  equivalent 
composite  life  scatter  factors  are  in  the  20-70  range.  Alternate  approaches  to 
account  for  scatter  effects  were  evaluated  in  Reference  10. 


The  first  approach  was  use  of  the  load  enhancement  factor.  The  objec¬ 
tive  of  this  approach  is  to  increase  the  applied  loads  in  the  fatigue  certif¬ 
ication  tests  so  that  the  same  level  of  reliability  can  be  achieved  with  a 
shorter  test  duration.  A  schematic  showing  this  approach  is  shown  in  Fig¬ 
ure  18,  where  the  fatigue  life  scatter  represented  is  typical  of  that  observed 
in  composites.  At  one  fatigue  lifetime,  a  typical  residual  strength  distribution 


is  shown.  If  the  maximum  applied  load  in  the  fatigue  test  (P_)  is  increased 

F 


to  the  mean  residual  strength  at  one  lifetime  (PT>,  then  the  B-basis  residual 
strength  of  the  structure  would  be  equivalent  to  the  design  maximum  fatigue 


stress.  Thus,  a  successful  fatigue  test  to  one  lifetime  at  applied  stress  (PT) 


or  a  fatigue  test  to  Np  would  both  demonstrate  B-basis  reliability.  In  addi¬ 
tion,  combinations  of  the  load  enhancement  and  fatigue  life  factors  could  also 
be  used  to  demonstrate  B-basis  life.  In  order  to  use  this  approach  with 
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FIGURE  18.  LOAD  ENHANCEMENT  FACTOR  APPROACH 

confidence  in  a  certification  methodology,  a  formal  relationship  between  the 
load  enhancement  factor  (LEF)  and  the  life  factor  is  required.  This  was  ver¬ 
ified  mathematically  in  Reference  10. 

While  the  evaluation  of  the  enhanced  loads  approach  in  Reference  10  has 
shown  that  it  has  a  sound  theoretical  basis  and  can  be  used  with  confidence 
for  certification  testing,  some  practical  limits  of  this  approach  exist.  First, 
for  asymmetric  spectra,  the  degree  of  load  enhancement  may  be  limited 
because  of  a  requirement  not  to  exceed  ultimate  load.  Second,  for  mixed 
structures,  the  enhanced  load  approach  will  provide  an  excessively  severe 
fatigue  test  for  the  metal  parts. 

A  second  approach  takes  advantage  of  the  excellent  fatigue  response  of 
composites  and  is  summarized  in  Figure  19.  The  objective  of  this  approach  is 
to  set  fatigue  stress  allowables  below  the  B-  (or  A-)  basis  fatigue  threshold. 
This  is  possible  in  practice  because  composites  have  flat  curves  where  the 
fatigue  threshold  is  a  high  proportion  of  the  static  strength. 
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FIGURE  19.  FATIGUE  LIFE  THRESHOLD  APPROACH 

Durability .  The  poor  service  experience  with  thin-skinned  honeycomb 
composite  structures  has  led  the  USAF  to  introduce  draft  low-level  impact 
design  requirements  in  Reference  3.  These  are  summarized  in  Figure  20. 
The  object  of  these  requirements  is  to  improve  the  maintainability  of  composite 
structures. 


Zone 

Damage 

Source 

Damage 

Level 

Requirements 

I.High 
Probability 
of  Impact 

•  0.5-in.  Diameter 
Solid 

Impactor 

•  Low 

Velocity 

•  Normal 

to  Surface 

•  Visible 

•  6  ft-lb  Max 

•No  Functional  Impairment 
or  Structural  Repair 
Required  for  Two  Design 
Lifetimes 

•No  Water  Intrusion 

•No  Visible  Damage  From 
a  Single  4  ft-lb  Impact 

2.  Low 
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of  Impact 

•  Same  as 

Above 

•Same  as 
Above 

After  Field  Repair  of  Visible 
Damage: 

•No  Functional  Impairment 
After  Two  Design  Lifetimes 

•No  Water  Intrusion 

FIGURE  20.  PROPOSED  USAF  LOW-LEVEL  IMPACT  CERTIFICATION  REQUIREMENTS 

(REFERENCE  3) 

Full-Scale  Test.  The  work  in  Reference  1  and  other  USAF-sponsored 
programs  have  shown  that  composites  possess  excellent  durability.  In 
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particular,  the  extensive  data  base  developed  in  Reference  1  showed  that  com¬ 
posite  structures,  which  demonstrated  adequate  static  strength,  were  fatigue 
insensitive. 

Thus,  it  is  recommended  that  no  durability  full-scale  test  is  required 
for  all  composite  structures  or  mixed  composite/metal  structures  with  non¬ 
fatigue  critical  metal  parts,  provided  the  design  development  testing  and 
full-scale  static  test  are  successful.  For  mixed  structure,  with  fatigue 
critical  metal  parts,  a  two-lifetime  ambient  test  will  be  required  for  fatigue 
validation  of  the  metal  parts. 

DAMAGE  TOLERANCE 
Experience 

Extensive  work  was  conducted  in  Reference  2  to  determine  the  influence 
of  defects  and  damage  on  composite  static  strength  and  fatigue  life.  The 
results  are  presented  in  Reference  11,  and  are  summarized  in  Figures  21-23. 
The  data  presented  are  representative  of  wing  skin  laminates  fabricated  from 
AS4/3501-6  and  were  obtained  from  5-inch  wide  coupons. 

A  defect/damage  severity  comparison  for  compression  static  strength  is 
presented  in  Figure  21.  The  plot  relates  damaged  static  strength  to  defect/ 
damage  severity.  The  data  are  also  compared  to  the  strength  reduction  for  a 
1/4 -inch-filled  unloaded  hole.  Porosity  up  to  two  percent,  delaminations  up 
to  1.5-inch  diameter,  and  surface  scratches  are  less  than  or  equal  to  the 
strength  reduction  caused  by  a  1 /4-inch  hole.  Fastener  holes  with  delamina¬ 
tions  around  them  show  negligible  strength  loss  compared  to  an  unflawed 
fastener  hole.  In  contrast,  blunt  impact  damage  causes  a  strength  loss  which 
significantly  exceeds  that  of  a  0.25-inch  hole.  Severe  blunt  impacts  reduce 
strength  by  up  to  60  percent;  this  is  greater  than  the  strength  reduction  of 
a  1.0-inch  open  hole.  Clearly,  therefore,  impact  damage  is  the  most  severe 
damage  type  for  static  compression  strength. 

A  defect/damage  severity  comparison  for  compression-compression 
fatigue  loading  is  shown  in  Figure  22.  The  material  system  is  T300/5208, 
except  for  the  porosity  data  which  are  the  AS/3501-6  material  system.  The 
fatigue  data  show  the  same  defect/damage  severity  trends  as  those  observed 
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!  for  static  strength.  Nonvisible  and  visible  impact  damage  have  the  greatest 

6 

'  fatigue  sensitivity  in  terms  of  the  fatigue  strain  required  to  give  a  life  of  10 

cycles.  This  is  caused  by  the  greater  static  strength  sensitivity  of  these 
damage  types. 

The  data  in  Figure  22  are  replotted  in  Figure  23  in  terms  of  normalized 
fatigue  strain  (maximum  fatigue  strain  4  damaged  static  failure  strain). 
These  data  show  that,  for  all  of  the  defect/damage  types,  a  potential  fatigue 
|  threshold  (10  cycles)  exists  at  60  percent  of  damaged  static  strength  for 

constant  amplitude  loading. 

To  check  the  applicability  of  these  coupon  data,  extensive  built-up 
structure  damage  tolerance  testing  was  conducted  in  References  2  and  7. 
The  work  on  3-spar  panels  representative  of  fighter  aircraft  upper  wing  skin- 
to-spar  attachments  was  summarized  in  References  2  and  11. 

The  specimen  design  is  shown  in  Figure  24.  The  flat,  stiffened  panel 
specimen  was  loaded  in  compression  through  potted  ends  and  was  typical  of 
fighter  aircraft  upper  wing  skin/spar  attachment  area.  The  skin  was  fabri¬ 
cated  from  24  plies  of  double  thickness  AS4/3501-6  graphite /epoxy  tape, 
which  provides  a  nominal  skin  thickness  of  0.25-inch.  The  channel  spars 
were  fabricated  from  0.125-inch  thick  formed  titanium.  The  specimen  was 
designed  to  permit  skin  buckling  to  occur  at  approximately  5 , 000  n  in /in , 
which  is  typical  of  a  fighter  aircraft  skin  design. 

Three  spar  test  panels  were  impacted  at  100  ft-lb  at  three  skin  loca¬ 
tions,  midbay,  over  the  spar  cap  edge,  and  over  the  spar  cap  between  fas¬ 
teners.  Maximum  indentation  depth  on  the  impact  surface  was  0.05  inch. 
The  influence  of  impact  location  on  C-scan  damage  area  is  shown  in  Fig¬ 
ure  25.  Although  some  scatter  is  observed  in  the  data,  the  mid-impact 
damage  location  clearly  causes  the  largest  damage  area. 


1 

f 

- 

^5 

r  ** 

■i  ' 

s 

■  ’ 
i 

« 

i 

’Tim 

>  ^MippBligpaag 

j  *  .  /  . 

I 

'  ■ 

•/  7\. 

-**\ 

f7  W 

■ 

+i 

% 

fg 

■.  ■ 

-  i  i  f *HI 

fij? 

f«y/ 

ml 

m 


i,*; 


0.25-in.  Thickness 
100  ft-lb 


m 

|‘M» 

K 

IV*'.  I 

bW: 

1‘W 

t‘S‘ 

|*x* 

iw 


M 


Figure  26  shows  Panel  37-1,  which  was  subjected  to  a  100  ft-lb  impact 
prior  to  static  compression  testing.  Failure  sequence  was  as  follows.  At  a 
gross  applied  skin  compression  strain  equal  to  2,500  pin/in,  the  central  region 
of  the  midbay  impact  damage  area  propagated  rapidly  to  the  spar  attachments 
and  arrested.  Additional  loading  to  a  gross  skin  strain  equal  to  3,770  pin  /in 
caused  catastrophic  panel  failure  through  the  midbay  impact  damage.  This 
distinct  two-stage  static  failure  process  permitted  a  50  percent  additional 
load-carrying  capacity  after  initial  failure.  Further  replicate  tests  again 
showed  a  50  percent  additional  load-carrying  capability  after  initial  failure  and 
arrest . 


FAILURE  SEQUENCE 

1.  DAMAGED  AREA  FAILED 
AND  ARRESTED  AT 
SPARS  (2,500  #ilN/IN) 

2.  CATASTROPHIC  FAILURE 
THROUGH  IMPACT 
DAMAGE  AREA 
(3,770  filN/IN 


FIGURE  26.  STATIC  FAILURE  OF  IMPACT  DAMAGED  3-SPAR  PANEL  -  AS  4/3501-6 

Additional  tests  were  conducted  on  panels  with  midbay  impacts  ranging 
from  20  to  83  ft-lb.  The  results  are  summarized  in  Figure  27.  All  test 
panels  (except  20  ft-lb  impact  damage)  exhibited  the  two-stage  failure 
sequence.  The  20  ft-lb  midbay  damage  panel  exhibited  only  catastrophic 
failure  (no  arrest).  Figure  27  shows  that  a  significant  difference  exists 
between  initial  failure  and  final  panel  failure  strains.  Comparison  with  coupon 
test  data  in  Figure  28  shows  that  initial  failure  and  arrest  in  the  built-up 
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panels  correspond  to  catastrophic  failure  load  in  coupons.  These  data 
demonstrate  significant  a  damage  tolerance  configuration  scale  up  effect  in 
built-up  structures. 


FIGURE  27.  SUMMARY  OF  STATIC  STRENGTH  OF  IMPACT  DAMAGED 
3-SPAR  PANELS  -  AS4/3501-6 


FIGURE  28.  IMPACT  DAMAGE  TOLERANCE  SCALE-UP  EFFECT  IN 
BUILT-UP  STRUCTURE  -  AS4/3501-6 


Lessons  Learned 

The  lessons  learned  for  composite  damage  tolerance  are  presented  in 
Figure  29.  These  lessons  learned  highlight  a  conceptual  difference  in  damage 


tolerance  certification  for  composites  and  metals.  Figures  30  and  31  show  the 
non-inspectable  slow  damage  growth  concept  for  metals  and  composites,  respec¬ 
tively.  For  metals  (Figure  30),  residual  strength  decreases  gradually  over 
the  aircraft  service  life  as  a  fatigue  crack  initiates  and  grows.  Thus,  the 
exposure  time  where  residual  static  strength  is  degraded  is  a  small  percentage 
of  the  total  service  life.  In  contrast  for  composites  (Figure  31),  residual 
strength  degradation  is  not  gradual,  but  takes  place  as  a  sudden  large 
strength  degradation.  This  occurs  for  two  reasons.  First,  the  impact  event 
is  random  and  can  occur  with  equal  probability  on  either  the  first  or  last  day 
of  the  aircraft  service  life.  Second,  the  impact  event  causes  an  immediate 
reduction  of  static  strength.  This  leads  to  a  potentially  large  exposure  time 
in  the  degraded  strength  condition.  Figure  32  summarizes  this  difference  for 
composites  and  metals. 


•  Impact  Damage  Is  the  Most  Severe  Defect/ 

Damage  Type 

•  Impact-Damage  Areas  and  Static  Strength  Are 
Strongly  Dependent  on  Structural  Configuration 

•  Failure  Modes  of  Impact- Damaged  Built-Up  Structure 
Are  Significantly  Influenced  by  Structural  Configuration 

•  Significant  Impact-Damage  Tolerance  Scale-Up  Effects 
Exist  for  Built-Up  Structure 

•  Impact-Damaged  Structures  Are  Insensitive  to  Fatigue 
Loading 


FIGURE  29.  SUMMARY  OF  COMPOSITE  DAMAGE  TOLERANCE  LESSONS  LEARNED 
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Ultimate 

Capability 


Ultimate  Design 
Load 


Pxx  =  Residual  Strength  Load  Requirement 

Exposure  Time  =  T 
Small  %  Of  Service  Life 


Service  Life 

FIGURE  30.  METALLIC  NON-INSPECTABLE  SLOW  DAMAGE  GROWTH 
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Pxx  =  Residual  Strength  Load  Requirement 

Exposure  Time  =  T 
Large  %  of  Service  Life 


u  Service  Life 

FIGURE  31.  COMPOSITE  NON-INSPECTABLE  SLOW  DAMAGE  GROWTH 
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FIGURE  32.  COMPARISON  OF  COMPOSITE  AND  METAL  DAMAGE  TOLERANCE 
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Certification  Recommendations 


The  unique  features  of  composite  damage  tolerance  were  recognized 
when  draft  USAF  damage  tolerance  design  requirements  were  developed  in 
Reference  2.  The  highlights  of  the  draft  requirements  are  presented  in  Fig¬ 
ure  33  and  discussed  in  Reference  3.  The  damage  assumptions  in  the  draft 
requirements  are  presented  in  Figure  34.  In  practice,  the  impact  damage 
requirement  dominates  design  since  it  is  the  most  severe.  Figure  35  summar¬ 
izes  schematically  the  impact  damage  requirements.  Two  cut-offs  were  used: 
first,  an  impact  energy  cut-off  equal  to  100  ft-lb,  which  represents,  con¬ 
ceptually,  a  tool-box  dropped  on  its  corner  from  approximately  three  feet; 
and  second,  a  visibility  cut-off  at  0.10-inch  dent  depth,  which  represents, 
conceptually ,  damage  detectable  in  a  visual  inspection.  Figure  35  shows  that 
the  requirements  do  not  potentially,  cover  all  non-visible  damage;  however, 
the  100  ft-lb  impact  is  considered  a  conservative  and  potentially  rare  event 
(once  per  lifetime  per  aircraft  fleet) . 


•  Conceptually  Equivalent  to  MIL-A-83444 

•  MIL  Prime  Format  per  MIL-A-87221 

•  Recognition  of  the  Unique  Property 
Characteristics  of  Composites 

•  Composite  Defect/Damage  Assumptions 
Significantly  Different  From  Metals 


FIGURE  33.  HIGHLIGHTS  OF  DRAFT  USAF  COMPOSITE  DAMAGE  TOLERANCE 

DESIGN  REQUIREMENTS 


A  . *1  •  .nWA* 


WWWW  7WAW W  \m  VH M^»rvj»  rt* iw.iwm 


.AIRCRAFT  DIVISION 


Flaw/Damage  Type 


Scratches 


Delamination 


Impact  Damage 


Flaw/Damage  Size 


Assume  the  Presence  of  a  Surface  Scratch 
4.0-Inch  Long  and  0.02-Inch  Deep 

Assume  the  Presence  of  an  Interply 
Delamination  That  Has  an  Area  Equivalent 
to  a  2.0-Inch-Diameter  Circle  With 
Dimensions  Most  Critical  to  Its  Location 

Assume  the  Presence  of  Damage  Caused 
by  the  Impact  of  a  1.0- Inch-Diameter 
Hemispherical  Impactor  With  100  ft-lb  of 
Kinetic  Energy  or  With  That  Kinetic  Energy 
Required  To  Cause  a  Dent  0.10-Inch  Deep, 
Whichever  Is  Least 


FIGURE  34.  DAMAGE  ASSUMPTIONS  IN  DRAFT  USAF  DAMAGE  TOLERANCE 

DESIGN  REQUIREMENTS 
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FIGURE  35.  SUMMARY  OF  IMPACT  DAMAGE  ASSUMPTIONS  IN  DRAFT 
USAF  DAMAGE  TOLERANCE  DESIGN  REQUIREMENTS 


The  recommended  compliance  approach  for  the  draft  requirements  is 
summarized  in  Figure  36.  First,  no  significant  damage  growth  is  permitted  in 
two  design  lifetimes.  This  is  recommended  because  damaged  composites  have 
extremely  flat  S-N  curves  (Figure  22)  and  exhibit  rapid  unstable  growth  after 
growth  initiation.  Thus,  it  is  not  possible  to  control  composite  damage 
tolerance  using  the  metal  damage  growth  and  inspection  philosophy.  An 
advantage  of  this  compliance  approach  is  that  it  eliminates  inspection 
requirements. 
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•  No  Significant  Damage  Growth  in  Two 
Design  Lifetimes 


•  No  In-Service  Inspections  Required 


•  No  Full-Scale  Test  Validation  Required 

FIGURE  36.  RECOMMENDED  COMPLIANCE  APPROACH  FOR  THE  DRAFT 
USAF  DAMAGE  TOLERANCE  REQUIREMENTS 

Finally,  no  full-scale  test  validation  is  required  for  composite  damage 
tolex’ance  certification.  This  is  recommended  because  extensive  testing  in 
References  2  and  7  has  shown  that  subcomponent  validation  tests  accurately 
represent  full-scale  composite  damage  tolerance  behavior. 
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Abstract 

The  F-111  (EF-111A)  horizontal  stabil¬ 
izer  leading  edge  was  selected  as  the 
baseline  component  to  demonstrate  the 
superior  supportability  characteristics  of 
composites.  The  production  component 
is  a  fiill-depth  aluminum  honeycomb 
sandwich  construction  that  has  histori¬ 
cally  shown  in-service  supportability 
problems.  The  composite  leading  edge 
(22.4  square  feet  in  plan  area)  was  de¬ 
signed  as  a  form,  fit  and  function  re¬ 
placement  for  the  existing  aircraft.  Be¬ 
cause  of  the  aircraft’s  leading  edge  high 
service  temperature  (317  °F)  and  humid¬ 
ity  environment  (83%  relative  humidity 
(RH)),  skins  and  stiffening  members 
were  designed  of  graphite/bismaleimide 
(Gr/BMI).  At  equivalent  weight,  acqui¬ 
sition  and  life  cycle  cost  savings  of  13  % 
and  45%  respectively,  have  been  pro¬ 
jected,  for  the  composite  leading  edge 
over  the  existing  aluminum  honeycomb 
sandwich  assembly. 

1.  INTRODUCTION 
The  objective  of  this  on-going  program 
is  the  development  of  a  composite  lead¬ 
ing  edge  for  the  F-111  (EF-111A)  hori¬ 
zontal  stabilizer  that  displays  optimum 


producibility,  reliability,  and  maintaina¬ 
bility  characteristics.  As  such  the  pro¬ 
gram  must  demonstrate  and  validate  low 
cost,  innovative  skin  stabilization  manu¬ 
facturing  methods  for  the  leading  edge, 
representative  of  secondary  structure, 
which  are  cost-competitive  with  the 
full-depth  honeycomb  structure. 
Trade-off  studies  were  initially  per¬ 
formed  to  establish  alternate  designs, 
followed  by  in-depth  cost/producibility/ 
supportability  analysis  of  the  proposed 
composite  structure  compared  to  the 
existing  component.  Through  the  use  of 
support  oriented  designs  and  durable, 
damage  tolerant  composites,  we  have 
shown  enhanced  producibility  (at  equiv¬ 
alent  weight),  for  large  scale  integral 
composite  structure  with  lower  acquisi¬ 
tion  costs,  increased  reliability  (mini¬ 
mum  of  fatigue  failures)  and  lower 
maintenance  costs  (no  corrosion,  acces¬ 
sibility  and  visibility  for  inspection  and 
repair).  Due  to  the  aircraft's  high  serv¬ 
ice  temperature  and  humidity  environ¬ 
ment  (317  °F  and  83  %  RH)  the  compos¬ 
ite  selected  is  graphite/bismaleimide 
(Gr/BMI). 
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2.  STRUCTURAL 
CONFIG!  TRATION 
The  structural  configuration  of  the  Gr / 
BMI  replacement  leading  edge  compo¬ 
nent  for  the  F-lll  horizontal  stabilizer  is 
shown  in  Fig.  2-1.  The  structure  is  a 
large  biconvex  component  which  exhib¬ 
its  many  of  die  complexities  associated 
with  highly  loaded  secondary  structure. 
The  maximum  overall  length  of  the 
leading  edge  component  is  approxi¬ 
mately  180  in.  and  the  maximum  width 
28  in.  The  height  of  the  rear  beam  at 
the  inboard  end  is  5.48  in. 

The  configuration  selected  to  replace 
the  present  aluminum  honeycomb  core 
sandwich  construction  is  a  multi-rib 
structure  with  the  ribs  spaced  at  ap¬ 
proximately  5.25  in.  The  arrangement 
gives  the  minimum  number  of  ribs  for 
manufacturing  simplicity,  and  produces 
a  structure  comparable  in  weight  to  the 
existing  metal  component  (99  lb  per 
aircraft).  To  achieve  maximum  cost  sav¬ 
ings,  the  leading  edge  component  has 
been  designed  as  a  unitized  single  cure 
structure  to  minimize  the  assembly  pro¬ 
cedure.  The  design  permits  disassembly 
of  the  main  beam  and  closure  rib  after 
the  cure  cycle  to  permit  removal  of  the 
solid  internal  forming  tools.  These  com¬ 
ponents,  together  with  the  metal  splice 


plates,  are  reassembled  mechanically  to 
complete  the  assembly. 

3.  STRUCTURAL  DESIGN 
In  the  existing  aluminum  skin / 
aluminum  honeycomb  core  leading 
edge,  the  honeycomb  core  supports  lo¬ 
cal  air  load  on  the  skin  and  provides  a 
shear  path  to  carry  air  load  to  the  front 
beam  of  the  main  structural  box  of  the 
horizontal  stabilizer.  Moments  are  re¬ 
sisted  by  in-plane  upper  and  lower 
cover  loads  that  are  transferred  through 
splice  joints  to  the  main  box. 

In  the  composite  integrally  molded  de¬ 
sign  (Fig.  2-1),  full  depth  ribs,  typi¬ 
cally  spaced  at  5.25  in.,  perform  the 
functions  of  the  honeycomb  core  in  the 
existing  design.  Normal  air  load  is  sup¬ 
ported  by  skin  panels  spanning  from 
rib-to-rib  by  a  combination  of  bending 
and  membrane  action.  The  ribs  then 
transfer  the  air  load  shear  to  me  main 
box  while  the  bending  moment  is  bal¬ 
anced  by  cover  skin  loads  as  in  the  ex¬ 
isting  design.  All  attachments  and  inter¬ 
faces  are  identical  with  the  existing 
aluminum  leading  edge  configuration. 
The  composite  design  is  based  on  the 
following  criteria: 

•  Ply  orientations  restricted  to  the  0°, 
90°,  and  ±45°  family 

•  Laminate  ply  orientations  selected  to 


Fig.  2-1  Leading  Edge  Structure 


provide  filament- controlled  load  ca¬ 
pability 

•  To  reduce  impact  damage,  a  layer  of 
glass/BMI  fabric  at  45 0  is  placed  at 
the  inside  surfaces  of  the  cover  skins 

•  All  laminates  are  symmetrical  about 

their  midplane  to  minimize  bending- 
stretching  coupling  effects  _ _ _ 

•  All  rib  and  beam  webs  have  a  large 
percentage  of  ±45  plies  to  minimize 
their  axial  stiffness  (hence  their  in¬ 
duced  axial  load);  and  to  provide 
maximum  shear  stiffness  to  minimize 
panel  transverse  shear  deformation 

•  The  two  air  passage  skins  meet  or 
exceed  the  El  and  GJ  of  the  baseline 
aluminum  skins 

•  The  transverse  strength  of  the  skin 
panels  is  sufficient  to  distribute  the 
normal  air  loads  to  the  ribs 

•  Damage  tolerance  is  explicitly  ad¬ 
dressed. 

The  upper  and  lower  skin  laminates 
consist  of  a  45 0  nickel-coated  Gr/BMI 
air  passage  layer  for  lightning  strike 
protection,  an  underlay  of  0/90/ ±45 
unidirectional  Gr/BMI  tape,  and  a  back 
surface  layer  of  style  112  fiberglass/ 
BMI.  The  Gr/BMI  rib  webs  are  de¬ 
signed  as  constant  thickness  tapered 
panels  that  resist  shear  and  crushing 
load.  The  forward  beam  closure  mem¬ 
ber  is  designed  to  transfer  shear  loads 
from  the  rib  webs  to  the  main  box 


interface  that  experience  high  bearing 
stress  and  envelope  interface  restric¬ 
tions.  These  parts  are  the  upper  and 
lower  cover  splice  plates  (Fig.  3-1),  lo¬ 
calized  bearing  plates  on  the  main 
beam,  and  the  closure  rib  main  torque 
box  interface.  The  forward  beam  bear¬ 
ing  plates  are  fiberglass/BMI  isolated 
aluminum,  primarily  to  prevent  the  di¬ 
rect  contact  of  the  existing  cadmium 
plating  of  the  main  box  shear  attach¬ 
ment  pins  with  the  graphite  composite 
beam.  (The  use  of  cadmium  or  alumi¬ 
num  and  graphite/epoxy  in  contact  with 
each  other  results  in  galvanic  corro¬ 
sion.) 


Fig.  3-1  Leading  Edge  Splice 


through  shear  pins.  Locations  and  pick¬ 
ups  for  the  shear  pins  are  identical  to 
the  existing  design.  For  damage  toler¬ 
ance  considerations,  maximum  fiber 
strains  are  limited  to  2400  jtin./in.  at 
ultimate  load. 

Metal  usage  in  the  leading  edge  has 
been  kept  to  a  minimum.  It  is  used  only 
in  those  areas  of  the  main  torque  box 


The  leading  edge/'main  torque  box  inter¬ 
face  hardware  is  the  same  as  for  the 
existing  aluminum  honeycomb  design. 
The  hardware  selected  to  attach  the 
composite  structure  within  the  assembly 
are  Composi-Lok  130  degree  flush  and 
protruding  head  blind  type  fasteners. 

The  tip  of  the  leading  edge,  the  arrow¬ 
head,  is  a  supplemental  subassembly  for 


supportability  consisting  of  a  metal 
glove  and  fiberglass-filled  nylon  (NY- 
LAFIL)  insert.  This  subassembly  is 
subsequently  mechanically  fastened  to 
the  skin  assembly,  as  shown  in  Fig. 3 -2 


NICKEL  COATED  IM-6  GR/BMI 


|  TO7-30Q7-003 _ 

Fig.  3*2  Leading  Edge  Arrowhead 
Subassembly 

4.  MATERIAL  DESIGN 
PROPERTIES 

Three  Gr/BMI  material  systems,  IM-6/ 
4001,  IM-6/81-5  and  IM-6/F650  were 
evaluated  for  use  in  the  -67  °F  to  317  °F 
wet  (saturation  at  83%  RH)  environ¬ 
ment.  The  intermediate  modulus  fiber 
IM-6  with  a  Tfoung’s  modulus  of  40  x 
K)6  psi  was  selected  for  the  buckling 
critical  design. 

A  test  program  involving  over  375  cou¬ 
pons  was  performed  to  generate  design 
properties  for  the  three  candidate  mate¬ 
rial  systems.  The  basic  design  proper¬ 
ties  obtained  included:  notched  and  un¬ 
notched  tensile  strength  and  modulus, 
notched  and  unnotched  compression 
strength  and  modulus,  shear  strength 
and  modulus,  Poisson’s  ratio  and  bear¬ 
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ing  strength.  The  tests  were  conducted 
at  -67  °F  room  temperature  (RT),  and 
the  critical  environmental  condition 
317 °F  wet  (saturated  at  83%  RH).  The 
IM-6/F650  material  system  was  shown 
to  be  superior  in  such  key  material 
properties  as  longitudinal  compression 
modulus  and  strength,  open  hole  ten¬ 
sion  and  compression  strength,  and 
bearing  strength.  On  the  basis  of  these 
test  results,  IM-6/F650  (Hercules  fiber 
and  Hexcel  resin)  Gr/BMI  was  selected 
for  fabrication  of  the  F-lll  (EF-111A) 
horizontal  stabilizer  leading  edge. 

5.  QUALIFICATION  TESTS 
The  leading  edge  is  a  secondary  buck¬ 
ling  critical  structure,  strength  designed 
only  in  its  mechanical  attachment  to  the 
stabilizer  torque  box.  As  part  of  the 
Structural  Test  Plan  for  the  F-lll  (EF- 
111A)  Horizontal  Stabilizer  Composite 
Leading  Edge  Component,  tests  were 
performed  on  single  and  combined  load 
joint  specimens.  The  purpose  of  the 
unidirectionally  loaded  multifastener 
joint  elements  was  to  verify  details  of 
the  design  concept  for  attaching  the 
leading  edge  to  the  main  box  of  the 
F-lll  horizontal  stabilizer.  These  in¬ 
cluded  the  fastener  diameter  and  pitch, 
the  allowable  bearing  load  of  the  coun¬ 
tersunk  fastener,  and  load  transfer  be¬ 
tween  elements  of  the  joint.  The  single 
fastener  combined  load  joint  specimens 
addressed  the  Mid-Span  and  Outboard 
areas  critical  design  condition,  and  the 
critical  thermal  effects  in  the  splice  re¬ 
gion. 

5.1  Multifastener  Joint  Element 
The  specimens  are  2.63  in.  wide  with 
the  3/16  in.  diameter,  100°  countersunk 
(on  the  aluminum)  shear  head  Composi- 
Lok  blind  fasteners  located  at  1.13  in. 


on  center.  The  composite  laminate  edge 
distance  from  the  centerline  of  the  fas¬ 
tener  is  0.56  in.  The  2024-T81  alumi¬ 
num  splice  plate  is  0.070  in.  thick  and 
the  laminate  is  (±  45/902/ ±45/0)s  with 
a  layer  of  112  style  fiberglass  on  each 
surface.  The  overall  length  of  the  speci¬ 
men  is  12.25  in.  Figure  5-1  shows  lead¬ 
ing  edge  joint  elements  tested  at  RT 
and  317  °F  wet. 


Fig.  5-1  Leading  Edge  Joint  Elements 
After  Test  (Bearing  Failures) 

Three  tension  elements  were  tested  at 
-67  °F,  room  temperature,  and  317  °F 
with  83%  RH.  The  specimens  tested  at 
-67  °F  failed  in  bearing  at  99%  of  the 
predicted  load  in  bearing,  but  105  %  of 
the  predicted  critical  failure  load  in  ten¬ 
sion.  The  specimens  tested  at  RT  failed 
in  bearing.  The  average  failure  load  of 
these  specimens  was  101  %  of  the  pre¬ 
dicted  critical  value.  The  three  speci¬ 
mens  tested  at  317  °F  and  83  %  RH 
failed  in  bearing;  average  failure  oc¬ 
curred  at  154%  of  prediction.  Figure 
5-2  lists  the  leading  edge  joint  element 
analytical  predictions  versus  test  results. 


5.2  Combined  Load  Single-Shear  Joint 
Element 

In  the  mid-span  and  outboard  areas 
where  the  spanwise  loads  are  signifi¬ 
cant,  due  to  the  deflection  of  the  torque 
box,  the  behavior  of  the  Gr/BMI  lami¬ 
nate  is  such  that,  for  the  critical  design 
condition,  there  is  coupling  between  the 
chordwise  bearing/bypass  load  and  the 
spanwise  load.  To  validate  the  splice 
joint  design  a  representative  element  at 
the  critical  splice  location  (Rib  No.  20) 
for  Condition  HT-4  (317  °F  and  83% 
RH)  was  designed.  The  specimen  con¬ 
sists  of  a  1.75  in.  wide  by  0.070  in. 
thick  2024-T81  aluminum  plate  fastened 
to  a  20.0  in.  long  by  4.0  in.  wide  IM- 
6/F650  laminate  (±45/02/  ±45/90/ 
90)s,  oriented  as  shown  in  Fig.  5-3  us¬ 
ing  a  100°  countersunk  3/16  in. 
diameter  Composi-Lok  fastener.  Figure 
5-4  shows  two  of  the  instrumented 
specimens.  The  bolt  bearing  angld  is  in 
the  direction  of  the  0°  plies  in  the  lami¬ 
nate  (21.7°  to  the  specimen  axis). 
Thermal  effects  critical  in  the  splice 
area  (Rib  No.  7)  were  addressed  by  the 
same  element  as  shown  in  Fig.  5-3  but 
with  a  bolt  bearing  angle  calculated  to 
correspond  to  the  critical  Px  and  Py 
combination  (46.9°  to  the  specimen 
axis).  Figure  5-5  shows  the  test  setup 
for  the  off-axis  combined  load  joint 
tests.  Strip  heaters  were  used  to  raise 
the  temperature  of  the  moisture  condi¬ 
tioned  specimens  to  317  °F.  The  mois¬ 
ture  loss  during  testing  as  measured  by 
travelers  was  approximately  0.1%  by 
weight.  From  a  saturated  moisture  con¬ 
tent  at  83%  RH  of  1.35%  by  weight 
before  the  test,  down  to  approximately 
1.25  %  by  weight  right  after  the  test. 
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Fig.  5-5  Test  Setup  for  Combined 
Load  Joint  Tests 


The  three  specimens  representative  of 
the  mid-span  and  outboard  areas  (Rib 
No.  20)  failed  in  tension,  as  predicted 
by  the  computer  program  HOLES,  at 
an  average  bypass  load  of  15,870  lb  and 
a  bearing  load  of  355  lb.  These  loads 
transformed  in  the  laminate  axis  are 
shown  in  Fig.  5-6  as  ratios  of  test  re¬ 
sults  to  design  requirements.  The  com¬ 
parisons  are  quite  favorable. 

The  specimens  failed  on  average  at 
138%  of  design  ultimate  load  (DUL). 
Figure  5-7  shows  a  plot  of  the  bearing 
bypass  interaction  curve  for  the  critical- 
splice  location  at  Rib  No.  20  as  pre¬ 
dicted  by  HOLES.  The  test  data  multi¬ 
plied  by  a  0.8  design  factor  and  the 
DUL  condition  are  also  shown. 

Results  of  the  specimens  tested  to  ad¬ 
dress  the  critical  thermal  effects  in  the 
splice  region  (Rib  No.  7)  are  shown  in 


Fig.  5-6  Design  and  Test  Values  for  Critical  Splice  Location  (Rib  No.  20) 
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Fig.  5-7  Bearing  Bypass  Interaction 
Curve  for  Critical  Splice 
Location  (Rib  No.20) 

Fig.  5-8.  These  specimens  failed  in 
bearing  at  an  average  bypass  load,  Nj, 
of  10,170  lb  and  a  bearing  load,  P,  of 
1097  lb.  As  seen  in  Fig.  5-8,  the  test 


data  compares  very  favorably  with  the 
design  requirements.  The  specimens 
failed  in  bearing  at  127  %  of  the  DUL 
condition.  A  plot  of  the  bearing  bypass 
interaction  curve  for  the  critical  splice 
location  (Rib  No.  7)  generated  using 
HOLES  is  shown  in  Fig.  5-9.  The  test 
data  multiplied  by  a  0.8  design  factor 
and  the  DUL  requirements  are  also 
shown  for  comparison. 

The  successful  completion  of  these  tests 
allows  for  only  a  static  test  of  the  full 
size  component  at  RT  to  qualify  the 
leading  edge  for  flight  test. 

CONCLUSION 

An  integrally-stiffened  non-corroding 
composite  leading  edge  for  the  F-lll 
(EF-111A)  horizontal  stabilator  was  de¬ 
signed.  The  design  was  achieved  with 
production  acquisition  and  life  cycle 
cost  savings  and  improved  supportabil- 


SPECIMEN 

ID 

TEST  OATA/DESiGN  REQUIREMENTS 
IN  LAMINATE  AXES 

“XIEST 

nXDUL 

njtsst 

nydul 

SstESI 

kxdul 

PaYTEST 

PYDUL 

-2 

1.31 

171 

1.53 

1.60 

-3 

1.25 

2.55 

1.52 

1.53 

-4 

1.25 

2.58 

1.52 

1.53 

AVG 

1.27 

2.83 

.....  ... 

1.54 

L- 

1.56 

(±  45/0/ ±  45/90/$))  s  IM-6/F650  GR/BMI 
C0N0ITI0N  HT-4  (317°F  &  83%  RH) 


90®'  21.7®  y. 


R«7  3007-013 


Fig.  5-8  Design  and  Test  Values  for  Critical  Splice  Location  (Rib  No.  7) 


Fig.  5-9  Bearing  Bypass  Interaction 
Curve  for  Critical  Splice 
Location  (Rib  No.  7) 

ity.  The  component  was  designed 
•  without  the  use  of  honeycomb  and  its 


susceptibility  to  moisture  intrusion, 
corrosion  and  subsequent  delamina¬ 
tion 

•  with  sufficiently  low  strain  levels  to 
allow  for  the  use  of  bolted  repairs 

•  with  penetrations  to  allow  access  to 
the  substructure  for  NDI  using  fiber 
optics 

•  with  integrally  molded  lightning 
strike  protection 

•  with  a  new  intermediate  modulus 
graphite  fiber  and  high  temperature 
bismaleimide  resin  system. 
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ABSTRACT 

Temporary  repair  of  ba t t 1 e -damaged  composite  wing  skins  is 
addressed  by  an  expert  system  advisor  that  produces  a  bolted 
patch  design  suitable  for  the  next  mission  requirements  of  the 
aircraft.  The  repair  methodology  utilized  was  developed  under  Air 
Force  contract  and  addresses  the  temporary  repair  of  damage  holes 
up  to  seven  inches  in  diameter  using  bolted  patches  of  aluminum 
or  steel  sheets.  The  patch  materials  are  available  in  the 
standard  aircraft  repair  kit. 

INTRODUCTION 

New  material  systems,  including  composites,  and  sophisticated 
structural  design  techniques  are  combining  to  produce  aircraft 
that  are  faster  and  more  maneuverable  than  ever  before.  It  is 
essential  that  there  be  damage  repair  procedures  and  methods 
available  that  are  able  to  restore  the  performance  of  the 
airframe.  Such  repairs  often  require  special  training  to  install 
and,  in  addition,  the  repair  must  be  developed  by  someone  who  has 
expertise  in  the  design  and  analysis  of  bolted  or  bonded 
composite  repairs.  This  presents  particular  problems  in  a  battle 
damage  situation  when  the  repair  needs  to  be  made  in  a  short 
amount  of  time  and  at  a  forward  location  where  resources  are 
1  imi  ted . 

Artificial  Intelligence  (Al)  techniques  and  increasing 
computational  capabilities  are  providing  innovative  solutions  to 
many  types  of  problems.  Expert  systems,  in  particular,  allow 
computer  programs  to  utilize  Tules  of  thumb,  such  as  those  used 
by  experts,  in  reaching  conclusions  about  the  problem  being 


WM 

m 

WiVtV 


mm 

Pf 

M 


n 

m 

IMS 

a 

III 

□PI 

■ViVjV* 

WVi*’ 

3| 

wiyiVi 

pm 

m 

jpf 


mwm 


solved.  It  is  now  possible  to  build  expert  systems  for  focused 
problems  that  will  run  on  small,  yet  powerful,  microcomputer 
systems  and  in  some  cases  to  embed  expert  systems  in  the 
computers  that  are  on  the  aircraft  itself. 

The  REPAIRMAN  system,  described  in  this  report,  is  a  prototype 
system  that  demonstrates  how  computational  and  AI  technologies 
can  be  brought  together  to  provide  an  innovative  solution  to  a 
suppor tabi 1 i ty  problem  such  as  battle  damage  repair  of  composite 
wing  skins.  The  methodology  used  in  REPAIRMAN  was  developed  under 
Air  Force  contract  number  F336 1 5 - 83-C- 3246  (References  1  and  2). 

The  system  allows  the  user  to  input  only  the  most  top  level 
information  about  the  damage  hole.  This  includes  the  shape, 
location,  size,  and  orientation  of  the  hole.  The  user  must  also 
select  one  of  four  available  mission  requirements  for  the 
subsequent  use  of  the  aircraft.  This  information  is  used,  along 
with  data  from  the  system  regarding  the  skin  material  and 
geometry,  to  arrive  at  a  preliminary  patch  design.  The  patch 
design  is  analyzed  using  the  BREPAIR  program.  BREPAIR  is  a 
FORTRAN  analysis  code  that  was  developed  under  Navy  contract 
number  N62269- 81 -C-0297  (Reference  3).  It  is  used  to  analyze 
bolted  patch  repairs  of  metal  and  composite  substrates.  The  load 
and  stress  levels  from  the  patch  analysis  are  evaluated  by  the 
system  and  any  needed  modifications  to  the  patch  are  determined. 
This  new  patch  is  then  re-analyzed  using  BREPAIR  and  the  cycle 
repeats  itself  until  the  system  converges  to  a  point  where  the 
design  parameters  are  within  a  prescribed  region  close  to  but 
less  than  their  respective  allowables. 

The  expert  system  contains  three  basic  sets  of  rules  which 
provide  knowledge  for  patch  design  and  for  interpreting  the 
results  from  the  BREPAIR  routine.  The  first  rule  set  evaluates 
the  levels  of  the  shear  stress  in  the  bolts,  the  strain  in  the 
skin,  the  stress  in  the  patch,  the  bearing  stress  in  the  patch, 
and  the  bearing  stress  in  the  skin,  and  categorizes  each  of  these 
five  design  parameters.  The  second  set  of  rules  considers  the 
three  design  parameters  associated  with  the  bolted  joints  and 
determines  an  overall  status  for  the  joints.  The  third  set  of 
rules  uses  this  result  along  with  the  status  of  the  skin  strain 
and  the  patch  stress  to  determine  the  overall  design  quality  and 
initiates  the  appropriate  changes  in  the  patch  design  if  any  are 
requ i red . 

The  system  makes  use  of  a  graphical  interface  to  display  both  the 
damage  hole  on  the  wing  as  described  by  the  user  and  to  display 
the  final  patch  design.  This  display  supplements  the  description 
of  the  patch  geometry  and  verifies  that  the  input  data  is 
correct.  The  expert  system  was  developed  using  the  KEE  software 
from  Intellicorp  on  a  Sun  Microsystem  3/160  workstation,  which 
provides  a  very  useful  environment  for  development.  It  is 
believed  that  ultimately  such  a  system  could  reside  on  the 
aircraft  as  a  part  of  a  complete,  on-board,  structural 
integrity/repair  expert  system. 


OVERALL  PROGRAM  STRUCTURE 


A  REPAIRMAN  session  begins  with  the  system  requesting  information 
from  the  user  about  the  damage  to  be  repaired.  This  includes  the 
size,  shape,  location  and  orientation  of  the  damage  hole.  The 
damage  can  be  either  a  circular  or  elliptical  shape.  The  location 
is  used  to  determine  the  wing  skin  thickness  and  the  orientation 
is  used  to  determine  the  stress  concentration  in  the  skin  due  to 
the  presence  of  the  hole.  The  user  must  also  specify  whether  the 
hole  is  located  in  an  upper  or  lower  skin,  which  determines  if 
the  patch  is  for  tension  or  compression  loads. 

The  final  information  required  are  the  requirements  for  the  next 
mission  of  the  aircraft.  These  determine  the  load  level  that  the 
patch  must  be  designed  to  carry.  REPAIRMAN  utilizes  a  graphical 
display  of  the  wing,  and  the  hole  as  described  by  the  user,  to 
provide  visual  verification  of  the  input  information  to  help 
minimize  errors.  The  final  patch  design  is  also  displayed 
graphically.  The  display  resolution  is  currently  low,  and  is 
only  for  illustration.  A  screen  dump  of  the  user  interface  is 
shown  in  Figure  1 . 
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■Select  Mln«  skin  type  — >  1 
I  Available  Saniye  shapes  ere: 


Cl]  Circle 
(2)  mips# 


Select  hole  type  -->  2 

me  spas  I  Beetles  el  the  help  It  -->  !•• 


The  sajer  tale  el  the  bale  le  -->  7 
the  slnar  salt  el  the  hele  is  -->  4 
Ihe  art  entitles  sf  the  hele  It  -->  >31 

Available  ■tastes  types  ere: 

ft]  str  te  Air 
(21  Air  te  arenas 
13 1  »eees 
14}  Ferry 


Figure  1.  User  Interface  to  REPAIRMAN 


The  first  step  in  the  solution  procedure  is  for  REPAIRMAN  to 
determine  what  the  effect  of  the  hole  is  on  the  stress  field 
in  the  skin.  To  accomplish  this,  BREPAIR  is  run  for  the  hole  with 
no  patch  present.  The  program  provides  the  stress  level  at  the 


m 


w 


critical  location  on  the  hole  outline.  This  value  is  used,  along 
with  the  other  properties  to  determine  the  patch  material, 
fastener  size,  patch  thickness  and  number  of  bolts  for  an  initial 
patch  configuration. 

The  initial  patch  proposal  is  analyzed  using  BREPAIR  and  the  five 
design  parameters  are  evaluated  to  determine  the  effectiveness  of 
the  patch  design.  These  parameters  are  the  stress  in  the  patch, 
the  strain  in  the  skin,  the  maximum  shear  load  in  the  bolts,  the 
bearing  stress  in  the  skin  and  the  bearing  stress  in  the  patch. 
Each  critical  parameter  has  an  allowable  value  which  determines 
an  upper  bound  for  that  parameter.  A  tolerance  factor  of  0.8  is 
used  to  obtain  a  lower  bound  for  the  parameter.  A  parameter  that 
is  lower  than  the  tolerance  level  is  considered  too  low,  one  that 
is  higher  than  the  allowable  is  considered  too  high  and  one  that 
is  between  the  tolerance  and  allowable  is  considered  OK. 

Rules  are  present  in  REPAIRMAN  that  evaluate  these  five 
quantities  and,  if  they  are  too  high  or  too  low,  propose  changes 
to  the  patch  design  and  submit  a  revised  design  for  analysis  by 
BREPAIR.  This  process  continues  until  an  acceptable  design  is 
found.  Figure  2  shows  the  structure  and  general  flow  of  the 
REPAIRMAN  system. 
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Figure  2.  REPAIRMAN  Flow  Diagram 


REPAIRMAN  was  developed  on  the  SUN  Microsystem  3/160  workstation 
using  the  Knowledge  Engineering  Environment  (KEE)  from 
Intellicorp.  KEE  provides  a  convenient  method  for  developing 
artificial  intelligence  applications  that  combine  object-oriented 
programming  and  rules.  The  objects  in  KEE  are  referred  to  as 
units  and  their  characteristics  are  called  slots.  This 
terminology  will  be  used  when  referring  to  objects  in  REPAIRMAN. 

RULE  SYSTEM 

The  REPAIRMAN  system  has  3  sets  of  rules  that  it  uses  to  evaluate 
and  propose  changes  to  a  patch  design.  These  are  called  the  Rank 
rules,  the  Joint  rules  and  the  Evaluation  rules.  The  Rank  rules 
are  used  to  rank  each  of  the  S  critical  quantities  as  either  too 
low,  QK,  or  too  high  depending  on  where  they  fall  relative  to  the 
allowable  range  for  that  parameter.  The  second  rule  set,  Joint 
rules,  evaluates  the  3  quantities  affecting  the  joints,  the  bolt 
shear,  the  bearing  stress  in  the  skin,  and  the  bearing  stress  in 
the  patch  to  determine  an  overall  joint  status.  The  status  of  the 
joints  along  with  the  skin  strain  level  and  the  patch  stress  is 
used  by  the  third  rule  set,  the  Evaluation  rules,  to  determine 
what  corrective  action,  if  any,  should  be  taken  to  improve  the 
patch  design.  Five  corrective  actions  can  be  taken:  add  or  delete 
bolts,  add  or  delete  thickness  on  the  patch,  and  increase  the 
bolt  diameter.  These  actions  are  usually  applied  singly,  but  two 
actions  can  be  applied  simultaneously  in  limited  cases. 

The  KEE  software  system  used  to  develop  REPAIRMAN  provides  a  very 
nice  "engl i ah- 1  ike”  format  for  expressing  rules.  Several  typical 
rules  from  the  Evaluation  rule  set  are  shown  in  Figure  3. 


( EVAL . RULE . 1 

(IF  (THE  RANK.  JOINT.  STATUS  OF  PATCH  IS  TOO. LOW) 
(THE  RANK.  SKIN.  STRAIN  OF  SKIN  IS  TOO. LOW) 
(THE  RANK. PATCH. STRESS  OF  PATCH  IS  TOO. LOW) 
THEN 

(CHANGE. TO  (THE  RULES. FIRE  OF  PATCH  IS  1)) 
(LISP  (UNITMSG  ’PATCHES  ’ DELETE . BOLTS ))) ) 

(EVAL. RULE. 16 

(IF  (THE  RANK. JOINT. STATUS  OF  PATCH  IS  OK) 

(THE  RANK. SKIN. STRAIN  OF  SKIN  IS  TOO. HIGH) 
(THE  RANK.  PATCH.  STRESS  OF  PATCH  IS  TOO.  LOW) 
THEN 

(CHANGE. TO  (THE  RULES. FIRE  OF  PATCH  IS  16)) 
(LISP  (UNITMSG  ’PATCHES  ’THICKER . PATCH) ) 
(LISP  (UNITMSG  ’PATCHES  ’AT®  .BOLTS)  ))  ) 
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ALLOWABLE . BOLT . SHEAR 
ALLOWABLE .  PATCH .  BEAR  I NG 
ALLOWABLE . PATCH . BUCKL I NG 
ALLOWABLE . PATCH . STRENGTH 
BOLT. SHEAR 
BOLT. TYPE 

CODE  COSMETIC .  PATCH 
CODE. ERROR 
CODE. NO. PATCH 
CODE . PATCH. ANALYS I S 
FOR. MISS ION. TYPE 
LOAD 

LOAD. TYPE 
MINIMUM.  BOLTS 
NUMBER. OF. BOLTS 
PATCH. BEARING 


PATCH. LENGTH 
PATCH. MATERIAL 
PATCH.  STATUS 
PATCH. STRESS 
PATCH. THICKNESS 
PATCH  .WIDTH 
RANK. BOLT. SHEAR 
RANK. JOINT. STATUS 
RANK . PATCH . BEAR I NG 
RANK . PATCH . BUCKLING 
RANK . PATCH . STRESS 
RULES. FI RE 
TOLERANCE 

TOLERANCE . BOLT . SHEAR 
TOLERANCE . PATCH . BEAR I NG 
TOLERANCE .  PATCH .  STRENGTH 


Table  1.  Slots  Describing  Patch  Unit 


A  unit  called  Supervisor  has  slots  that  contain  the  method 
descriptions  (LISP  code)  that  perform  many  of  the  actions  that 
REPAIRMAN  takes  during  a  problem  solution.  These  methods  are 
loaded  with  the  knowledge  base,  but  remain  inactive  until  sent  a 
message  by  the  system. 
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HOLE  SLOTS 


SKIN  SLOTS 


+  -  - 

-  + 

| 

1 

1 

LOCATION. CHORD 

1 

1 

ALLOWABLE . SKIN . BEARING 

1 

1 

LOCATION. SPAN 

1 

ALLOWABLE . SKIN . STRENGTH 

1 

1 

MAJOR. AXIS 

1 

CODE . SK I N . ANALYS I S 

1 

1 

MINOR.  AXIS 

1 

RANK. SKIN. BEARING 

1 

1 

ORIENTATION 

1 

RANK. SKIN. STRAIN 

1 

1 

SHAPE 

1 

SKIN. BEARING 

1 

1 

1 

SKIN. LOCATION 

1 

1 

1 

SKIN.  MATERIAL 

1 

1 

1 

SKIN.  STRAIN 

1 

1 

1 

SKIN. THICKNESS 

1 

1 

1 

TOLERANCE .SKIN. BEAR I NG 

1 

1 

1 

+  -  - 

1 

1 

- +  -  - 

TOLERANCE . SKIN . STRENGTH 

1 

1 

-  + 

Table  2.  Slota  Describing  Hole  Unit  and  Skin  Unit 


SYSTEM  LIMITATIONS 

Limitations  to  the  scope  of  the  REPAIRMAN  system  came  from  two 
places.  First,  the  original  Air  Force  contract  considered  only 
battle  damage  repairs  that  could  be  built  up  from  the  materials 
available  in  the  aircraft  repair  kit.  These  limitations  are: 

1)  1/4  and  5/16  inch  diameter  jo-bolts  can  be  used  to  bolt  the 
patch  to  the  skin. 

2)  Aluminum  sheet  stock  in  0.040,  0.050,  0.063,  and  0.125  inch 
thicknesses  is  available. 

3)  Steel  sheet  stock  in  0.016,  0.032,  and  0.040  inch  thicknesses 
i s  ava i 1 abl e . 

4)  The  damage  size  is  limited  to  a  maximum  major  dimension  of  7 
inches . 

Further  constraints  were  introduced  as  a  result  of  the  intent  to 
quickly  produce  a  prototype  system.  Within  that  context  further 
scoping  was  in  order  to  limit  the  development  to  a  manageable 
size.  The  limitations  produced  by  the  scoping  process  are: 

1)  The  thickness  of  the  wing  skin  is  a  uniform  taper  from  0.70 
inches  at  the  root  to  0.10  inches  at  the  tip. 

2)  Wing  skin  material  is  AS4/3501-6  Carbon-Epoxy  composite. 
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3)  The  effects  of  the  underlying  substructure  are  not  considered. 
In  the  original  Air  Force  work  (Reference  1)  the  bolt  pattern 
determined  for  the  patch  had  a  1.5”  movement  available  to  avoid 
such  underlying  structure. 

PERFORMANCE  OF  REPAIRMAN 

REPAIRMAN  has  designed  patches  for  both  tension  and  compression 
cases.  The  results  of  those  cases  compared  well  with  the 
solutions  developed  by  one  of  the  experts  who  assisted  in  the 
development  of  the  system.  The  patch  designs  compared  well  in 
both  the  number  of  bolts  used,  the  size  bolts  used,  the  patch 
material  used,  and  the  thickness  of  the  patch  used.  Table  3  shows 
a  comparison  of  both  a  tension  and  compression  patch  design. 


HOLE :  Elliptical 
MAJOR  AXIS:  6.0 
MINOR  AXIS:  4.0 


LOAD:  4000  micro  in. /in. 
ORIENTATION:  90.0  degrees 
SKIN  THICKNESS:  0.208  in. 


NO.  OF  BOLTS 
PATCH  THICKNESS 
PATCH  MATERIAL 


REPAIRMAN: 

8 

0.06” 

AL 


EXPERT: 

9 

0.10” 

AL 


HOLE :  Elliptical 
MAJOR  AXIS:  6.0 
MINOR  AXIS:  4.0 


LOAD:  3300  micro  in. /in. 
ORIENTATION:  90.0  degrees 
SKIN  THICKNESS:  0.208  in. 


NO.  OF  BOLTS 
PATCH  THICKNESS 
PATCH  MATERIAL 


REPAIRMAN: 

14 

0.15” 

AL 


EXPERT : 
12 

0.16” 

AL 


Table  3.  Comparison  of  Performance 
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AREAS  FOR  CONTINUED  DEVELOPMENT 


In  working  with  REPAIRMAN,  several  areas  were  noted  to  need 
further  investigation. 

1)  ADDING  BOLTS  -  Currently  bolts  are  added  individually.  Studies 
indicate  that  some  bolt  locations  have  less  effect  on  the 
critical  parameters  than  others.  These  locations  are  predictable 
and  inclusion  of  this  information  will  allow  REPAIRMAN  to  make 
better  decisions  about  how  many  bolts  should  be  added  to  gain  the 
needed  change  in  the  critical  parameter.  This  will  reduce  the 
number  of  times  that  the  BREPAIR  program  must  be  run  and  hence 
produces  a  solution  much  quicker. 

2)  REFINEMENT  OF  RULES  -  Further  refinement  of  the  rules  is 
needed  to  produce  a  more  detailed  discrimination  of  the  actions 
to  be  taken  when  the  joint  status  is  not  acceptable.  Currently 
the  joint  status  is  based  on  bolt  shear,  skin  bearing  and  patch 
bearing  stresses.  When  the  joint  status  is  not  acceptable,  a 
change  is  made  based  on  which  of  these  three  conditions  is 
critical.  The  rules  could  be  refined  to  determine  what  action  or 
combination  of  actions  might  better  suit  a  particular  combination 
of  critical  joint  parameters.  Although  the  system  works  in  its 
present  state,  a  more  optimum  patch  design  might  be  achieved  with 
the  benefit  of  this  further  discrimination. 

3)  PARAMETRIC  STUDIES  -  Additional  studies  are  needed  with 
BREPAIR  to  determine  how  individual  parameters  affect  the  final 
solution.  This  additional  information  would  perhaps  allow 
REPAIRMAN  to  reach  a  more  optimum  design  with  fewer  iterations 
through  the  BREPAIR  program.  The  current  system  produces  an 
acceptable  patch  design,  but  does  not  attempt  to  balance  the  5 
critical  quantities  to  produce  an  optimum  patch  design.  The 
number  of  bolts  that  must  be  installed  directly  affects  the 
amount  of  time  required  for  the  patch  installation  and  thus  it 
might  be  argued  that  reducing  the  number  would  be  the  best 
design.  This  type  of  approach  might  be  achieved  with  a  deeper 
understanding  of  how  each  of  the  parameters  affects  the  solution. 
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Force  Contract  No.  F33615- 83-C- 3246 . 
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C-141B 

Predicted  Crack  Growth  From  Rogue  Flaw  in  Basic  Panel 


THE  CONSERVATIVE  CRACK  GROWTH  CALCULATIONS  SHOWN  HERE  INDICATE  THAT  THERE 
SHOULD  BE  NO  FURTHER  PROBLEM  ON  THIS  AIRPLANE  AT  THIS  LOCATION.  THE  INCREASE 
IN  LIFE  IS  APPROXIMATELY  A  FACTOR  OF  4 . 3  ASSUMING  10  KSI  RESIDUAL  STRESS  DUE 
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CHARACTERIZATION  OF  IMPACT  DAMAGE  IN  COMPOSITES 


C.  F.  BUYNAK  AND  T.  J.  MORAN 
NONDESTRUCTIVE  EVALUATION  BRANCH,  AFWAL/MLLP 

AND 

S.  DONALDSON 

MECHANICS  AND  SURFACE  INTERACTIONS  BRANCH,  AFWAL/MLBM 
AIR  FORCE  WRIGHT  AERONAUTICAL  LABORATORIES/MATERIALS  LABORATORY 
WRIGHT -PATTERSON  AFB,  OHIO  45433 


ABSTRACT 


Some  of  the  most  critical  flaws  encountered  during  the  service  life  of 
a  composite  component  result  from  impact  damage  due  to  foreign  objects 
(FOD) .  The  seriousness  of  this  problem  has  led  to  much  work  in  both  the 
Nondestructive  Evaluation  and  Mechanics  communities  to  characterize  and 
assess  the  effects  of  such  damage.  This  paper  will  report  on  a  new 
ultrasonic  method  to  nondestructively  produce  and  display  images  of  the 
damage  on  a  ply-by-ply  basis  with  all  of  the  data  being  collected  during  a 
single  scan.  Specimens  consisting  of  32  ply  quasi- isotropic  graphite/epoxy 
and  graphite/PEEK  composites  were  examined.  Selected  data  from  a  specimen 
of  each  material  that  was  subjected  to  a  20  J  (15  ft- lb)  impact  will  be 
presented  to  demonstrate  the  power  of  this  new  technique. 
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INTRODUCTION 


Laminated  composites  are  now  used  as  engineering  materials  on 
aerospace,  automotive,  and  marine  structures.  They  are  often  the  material 
of  choice  when  high  stiffness,  high  strength,  and  minimum  structural  weight 
are  required.  However,  composites  are  subject  to  several  forms  of  damage, 
including  transverse  ply  cracking,  fiber  breakage,  fiber/matrix  debonding, 
and  de lamination. 


Delamination  is  the  separation  of  plies  by  planar  cracks  in  the 
resin  layer  between  the  plies.  Delamination  damage  can  significantly 
reduce  the  laminate  strength,  especially  under  compressive  loading. 
Delaminations  may  be  caused  by  manufacturing  flaws,  transverse  impact  from 
tool  drops,  runway  debris,  or  hail,  or  may  grow  from  structural  details 
such  as  free  edges  or  ply  build-ups.  Destructive  sectioning  [1]  or 
de-plying  [2]  of  impact  damaged  laminates  has  shown  that  very  often  the 
damage  is  comprised  of  many  delaminations,  each  of  different  size,  shape 
and  ply  interface-  location  through  the  thickness.  Unfortunately,  the 
extent  of  the  delamination  damage  typically  may  not  be  identifiable  from 
visual  surface  evidence.  Non-destructive  methods  such  as  the  "coin-tap", 
through- transmission,  and  pulse  echo  ultrasonic  methods  have  been  used  to 
determine  the  extent  of  internal  delamination  damage.  These  methods  were 
useful  only  in  determining  the  outline  of  the  maximum  extent  of  all 
superimposed  delaminations,  but  gave  no  indication  as  to  the  depth  of  the 
individual  delaminations.  Structural  analysis  of  the  compression  behavior 
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of  delaminated  laminates  has  shown  that  the  critical  load,  or  load  required 
to  extend  an  existing  delamination,  depends  upon  the  depth  of  the 
delamination  [3] .  Therefore,  a  technique  was  needed  to  non- destructively 
determine  not  only  the  maximum  extent  of  delamination  damage,  but  also  the 
size  and  depth  of  individual  delaminations. 

More  advanced  instrumentation  than  is  currently  in  common  laboratory 
and  field  usage  can  provide  some  detail  as  a  function  of  depth  by  using 
multiple  time  gates  (a  hardware  or  software  function  which  isolates  the 
signal  returning  at  a  specified  time  delay  relative  to  a  reference)  on  the 
detected  and  filtered  signal.  However,  even  this  instrumentation  is  not 
adequate  to  completely  characterize  the  delamination  pattern  resulting  from 
impact.  The  advent  of  high  speed  transient  recorders  with  the  ability  to 
digitize,  store  and  transfer  large  amounts  of  data  has  provided  the 
capability  to  capture  and  analyze  the  entire  signal  without  reducing  the 
information  content  through  the  detection  and  filtering  process.  It  was 
found  that  considerably  better  resolution,  especially  in  the  near  surface 
region,  is  obtainable  using  relatively  simple  signal  processing  methods 
[4] .  This  paper  will  display  the  vast  improvement  possible  when  this 
advanced  capability  is  utilized  for  the  characterization  of  impact  damage 
in  composites,  discuss  the  equipment  and  procedures  required  for  its 
implementation  as  well  as  the  limitations  inherent  in  its  application. 


LAMINATES 


The  laminates  used  in  this  study  were  32  ply  [0/+45/ -45/90 ] 
quasi-isotropic  panels.  Two  material  systems  were  chosen.  The  first  was 
Hercules  AS4/3501-6  graphite/epoxy,  which  represents  a  first  generation 
brittle  matrix  system  in  common  use  on  current  aerospace  structures.  The 
second  system  chosen  was  Imperial  Chemical  Industries  AS4/PEEK  APC-2 
graphite/thermoplastic  composite.  This  system  was  chosen  because  of  the 
ductile  nature  of  the  thermoplastic  polyetheretherketone  (PEEK)  matrix, 
which  has  been  shown  to  lead  to  significant  improvements  in  the  compression 
strength  of  impacted  plates  [5]. 


IMPACT  EVENT 


An  impact  energy  of  approximately  20  J  (15  ft- lb)  was  selected  for 
presentation  in  this  paper  because  it  produced  the  largest  amount  of 
internal  damage  along  with  minimal  surface  deformation  and  best 
demonstrates  the  power  of  the  new  NDE  technique.  The  laminates  were 
impacted  at  low  velocity  using  the  instrumented  impact  apparatus  developed 
by  Sjdblom  [6],  and  is  shown  in  Figure  1.  The  impact  set-up  consisted  of  a 
variable  weight  pendulum  released  from  a  pre- determined  height  to  achieve 
the  desired  impact  energy.  The  laminate  incoming  and  exiting  velocities 
were  measured  using  a  timing  apparatus  adjacent  to  the  specimen.  The 
impactor  had  a  12.7  mm  (0.5  in.)  diameter  steel  spherical  tip.  The 
laminates  were  simply  supported  by  a  100  mm  (3.94  in.)  diameter  ring.  The 


initial  impact  energy  in  the  graphite/epoxy  was  20.2  J  (14.8  ft-lb) .  The 
energy  of  the  rebounding  impactor  was  10.9  J  (7.9  ft-lb).  The  46%  energy 
loss  was  due  to  delamination  initiation  and  propagation,  fiber  breakage, 
transverse  cracking,  and  vibration  damping  and  dissipation  through  the 
support  fixture.  The  graphite/PEEK  plate  was  impacted  at  20.3  J  (14.9 
ft-lb).  The  residual  rebound  energy  in  the  impactor  was  8.4  J  (6.2  ft-lb), 
corresponding  to  a  59%  energy  loss. 

EXPERIMENTAL  NDE  PROCEDURE 

The  impacted  specimens  were  ultrasonically  scanned  using  the 
laboratory  scanning  system  shown  schematically  in  Figure  3 .  The  system 
consists  of  standard  components  such  as  a  water  tank  in  which  the  specimen 
is  immersed  in  order  to  provide  a  coupling  medium  for  the  ultrasonic  waves 
between  the  transducer  and  the  specimen,  a  computer  controlled  motion 
control  system  to  scan  the  transducer  and  a  conventional  ultrasonic 
pulser/receiver  to  excite  the  transducer  and  amplify  the  received 
ultrasonic  waves.  In  addition  to  the  standard  components,  a  LeCroy  Model 
8828B  200  MHz  Transient  Recorder  is  used  to  digitize  and  store  the 
ultrasonic  waveforms.  The  entire  system  is  controlled  by  a  PDP  11/23 
computer  with  commands  and  data  sent  over  an  IEEE-488  bus.  The  data  is 
stored  in  a  30  MByte  Winchester  hard  disk  and  displayed  on  a  color  video 
monitor,  a  laser  printer  or  a  color  ink  jet  printer. 


The  specimen  is  scanned  in  a  raster  pattern  using  a  focussed 


ultrasonic  transducer.  A  relatively  long  focal  length,  75  to  150  mm  (3  to 
6  in.)  in  water,  is  used  in  order  to  produce  a  narrow,  collimated  beam  in 
the  material  which  will  give  good  lateral  resolution.  In  contrast  to 
conventional  systems,  the  entire  ultrasonic  waveform  is  digitized  at  each 
point.  No  attempt  is  currently  made  to  retain  the  entire  waveform  in 
memory,  however,  since  this  would  produce  intolerably  large  data  files. 
Instead,  one  uses  prior  knowledge  about  the  material  and  the  defects  or 
properties  being  sought.  For  the  case  of  a  planar  laminated  specimen  and  a 
delamination  type  defect,  it  is  known  that  the  defects  will  produce 
reflections  which  are  out  of  phase  with  the  input  waveform  and  delayed  in 
time  by  some  integer  multiple  (N)  of  the  round  trip  transit  time  (T)  for  an 
ultrasonic  wave  in  a  single  layer.  Thus,  if  one  records  the  amplitude  of 
the  received  signal  at  a  time  delays  equal  to  NT  relative  to  the  largest 
peak  of  the  front  surface  reflection  (point  R  in  Figure  4) ,  the  signal 
level  at  locations  where  the  returning  signal  has  been  reflected  from  a 
delamination  will  be  negatively  (or  positively  if  R  is  negative)  perturbed 
relative  to  those  points  where  there  is  no  reflector  present.  Since  the 
entire  waveform  has  been  digitized,  we  are  able  to  record  the  amplitude  at 
all  points  corresponding  to  an  interface  in  the  material  and  thus  build  up 
an  image  of  the  delaminations  present  on  each  layer  in  the  material .  In 
order  to  minimize  the  effect  of  electronic  noise  and  variations  in  the 
thickness  of  each  layer,  a  number  of  points  (typically  3)  on  each  side  of 
the  typical  time  delay  for  a  given  layer  are  examined  by  the  computer  and 
the  most  negative  (or  positive)  value  recorded.  This  results  in  a  series 


mi 


of  software  gate  locations  and  widths  as  shown  in  Figure  4  (solid  bars) 
being  used  for  the  acquisition.  As  can  be  seen  from  the  waveform 
containing  the  flaw  signal  in  Figure  4,  there  is  a  significant  difference 
in  the  amplitude  of  the  ultrasonic  waveform  at  the  gate  location 
corresponding  to  the  arrival  time  of  the  defect  signal  (indicated  by  the 
arrows)  and  much  smaller  differences  in  adjacent  gates.  For  specimens  with 
small  amounts  of  curvature,  a  front  surface  tracking  gate  is  utilized  to 
ensure  consistent  time  delays  within  the  specimen  (point  F  in  Figure  4) . 


A  key  to  being  able  to  utilize  the  resolution  achievable  with  this 
new  data  acquisition  method  is  the  ability  to  display  the  resulting  image 
in  a  multilevel  format,  either  color  or  grey  scale.  The  method  for  display 
of  the  data  which  we  found  gave  the  best  results  required  that  a  histogram 
of  the  data  be  calculated  first  to  provide  information  on  the  frequency  of 
occurrence  of  a  given  amplitude  level.  The  resulting  display  utilized 
either  an  equal  number  of  data  points  in  each  image  amplitude  range  or 
split  the  image  amplitudes  into  an  equal  percent  of  the  entire  overall  data 
range.  Although  the  number  of  data  amplitude  levels  was  256,  we  typically 
limited  the  video  display  a  maximum  of  64  and  25  for  hard  copy  output  due 
to  the  inability  of  the  human  eye  to  perceive  more  and  the  limitations  of 
the  hard  copy  units.  A  suitable  choice  of  levels  allows  one  to  emphasize 
different  features  in  the  resulting  image. 
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RESULTS 


In  this  section  we  will  display  selected  results  which  illustrate 
the  significant  improvement  in  resolution  achievable  using  the  software 
gated  ultrasonic  method.  The  graphite/epoxy  specimen  was  scanned  using  a  5 
MHz,  50  mm  (2  in.)  focal  length  ultrasonic  transducer  which  was  defocussed 
from  the  front  surface  by  1/2  the  specimen  thickness.  The  defocussing 
results  in  a  relatively  collimated  ultrasonic  beam  in  the  specimen  for  good 
lateral  resolution. 

The  significant  defect  features  (i.e.  delaminations)  are  displayed 
on  a  ply-by-ply  basis  (Figure  5).  Each  delamination  assumes  a  "peanut"  or 
"bow-tie"  shape  which  can  be  correlated  with  the  material's  properties  and 
the  impacting  energy  (7).  The  lower  ply  delaminations  are  not  completely 
imaged  as  they  are  shielded  or  shadowed  from  the  ultrasonic  energy  by  the 
delaminations  located  in  the  previous  interfaces.  Figure  5(a)  shows  the 
damage  at  the  first  interface.  Very  little  damage  is  detected  here,  the 
indication  is  most  likely  the  slight  impression  resulting  from  the  impact, 
but  the  subsequent  layers  show  a  continual  increase  in  the  severity  of 
damage.  Figure  5(b)  displays  a  striking  example  of  the  peanut-shaped 
delamination  along  the  +45  degree  direction  at  the  second  interface.  The 
third  interface  (Figure  5(c))  shows  the  effect  of  the  adjacent  plies  as  the 
delamination  pattern  turns  45  degrees  and  increases  in  size.  Also  evident, 
is  the  effect  of  the  previous  interface's  delaraination  as  the  ply 
separation  under  the  prior  interface  cannot  be  imaged.  A  careful 


examination  of  the  area  adjacent  to  the  shadow  of  the  delamination  in  the 
upper  layer  shows  some  evidence  that  it  bridged  down  into  this  layer 
through  a  crack  between  the  fibers  (4) .  Subsequent  damage  in  further 
layers  is  apparent  in  Figures  5(d,e,f)  as  the  damaged  area  continues  to 
increase  in  size  and  changes  orientation.  The  bridging  phenomenon  is 
especially  evident  in  Figure  5(d). 


In  order  to  illustrate  how  different  materials  can  be  analyzed  and 
compared,  data  from  a  second  material  was  collected.  A  graphite/PEEK 
composite  panel  was  scanned  using  a  10  MHz,  75  mm  (3  in.)  focal  length 
ultrasonic  transducer,  also  defocussed  to  the  midpoint  of  the  specimen 
thickness.  A  different  transducer  was  used  to  show  that  superior 
resolution  could  be  obtained  utilizing  the  software  gating  technique  at 
various  frequencies.  Figure  6  shows  the  delaminations  present  in  the  first 
six  interfaces. 


The  cumulative  effect  of  these  delaminations  is  outlined  in  Figure 
7.  These  maps  of . the  individual  delaminations  were  made  for  this  figure  by 
hand  tracing  the  outline  of  the  unshadowed  portion  of  each  delamination 
between  subsequent  plies.  The  images  shown  in  Figures  5  and  6  as  well  as 
images  collected  for  the  other  layers  which  were  not  shown  for  the  sake  of 
brevity  provided  data  for  these  maps.  Future  maps  will  be  made  using  a 
software  image  subtraction  method  which  is  currently  under  development. 

The  layer-by-layer  impact  damage  in  the  graphite/epoxy  panel  (Figure  7(a)) 
is  summarized  opposite  the  damage  resulting  from  a  similar  impact  load  in  a 
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thermoplastic  matrix  material  (Figure  7(b)).  The  ultrasonic  damage  mapping 
presents  an  excellent  procedure  to  document  the  differences  between  these 
two  materials.  The  ply-by-ply  imaging  enables  the  investigator  to  follow 
growth  of  delaminations  through  the  damaged  area.  The  assembly  of  those 
images  allows  one  to  see  the  cumulative  effect  of  damage  through  the 
material  and  recognize  any  significant  patterns  that  may  exist. 


CONCLUSIONS 


The  value  of  digitizing  rf  ultrasonic  data  with  software  processing 
has  been  demonstrated  in  this  paper.  The  method  has  the  ability  to  resolve 
closely  spaced  delaminations  which  could  not  be  separated  using 
conventional  methods  and  should  provide  the  composite  developers  with  a 
powerful  tool  to  characterize  the  behavior  of  new  materials. 


The  damage  imaged  in  this  paper  portrays  several  significant  features 
of  the  impact  damaged  areas  provides  insight  into  the  damage  tolerance  of 
these  materials.  Layer-by-layer  images  display  the  growth  of  the  internal 
damage.  Figure  6  displays  the  cumulative  damage  effect  in  each  material. 
Layers  affected  by  impact  forces  which  resulted  In  delamination  appear  in 
regular  patterns  as  one  follows  the  damage  radially  from  the  center  of  the 
impact  site.  The  affected  layers  continually  appear  in  various  multiples 
of  four.  This  correlates  with  the  lay-up  intervals  for  these 
quasi- isotropic  materials  as  damage  tends  to  cluster  in  the  radial 
direction  of  the  adjacent  ply's  orientation.  Destructive  evaluation  [4] 
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displays  this  regular  pattern  of  delaminations.  The  energy  absorption 
capabilities  of  the  two  matrix  materials  (PEEK  and  epoxy)  is  graphically 
shown  in  Figure  6.  The  graphite/epoxy  composite  distributes  the  impact 
load  to  a  larger  area  within  the  material.  This  load  is  also  more  evenly 
distributed  through  the  material  as  evidenced  by  the  larger  quantity  of 
layer  delaminations  (Figure  6(a)).  The  thermoplastic  PEEK  matrix  contains 
the  damage  to  a  smaller  cross-sectional  area  in  Figure  6(b)  as  damage  does 
not  spread  out  far  from  the  impact  site  and  is  more  concentrated  on  several 
interfaces.  This  correlates  with  the  design  preference  of  the  more  ductile 
PEEK  matrix  absorbing  the  energy  and  containing  the  damage  to  a  limited 
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Figure  Captions 


1.  Low-velocity  impact  apparatus  from  Sjoblom  [6). 

2.  High  resolution  ultrasonic  scanning  system 

3.  Ultrasonic  waveforms  at  unflawed  and  flawed  locations  in  specimen; 
vertical  axis  -  amplitude,  horizontal  axis  -  time,  time  position  F  - 
front  surface  tracking  location,  time  position  R  -  front  surface 
reference  location,  arrows  indicate  third  gate  location. 

U.  Ultrasonic  images  of  the  defect  patterns  at  selected  interfaces  of  a  32 
ply  graphite/epoxy  specimen;  (a)  through  (e)  -  interfaces  1  through  5, 
(f)  -  interface  7,  delaminations  show  up  as  the  darkest  (highest 
amplitude)  area  in  each  image. 

5.  Ultrasonic  images  of  the  defect  patterns  at  selected  interfaces  of  a  32 
ply  graphite/PEEK  specimen;  (a)  through  (f)  -  interfaces  1  through  6, 
delaminations  show  up  as  the  darkest  (highest  amplitude)  area  in  each 
image . 

6.  Delamination  maps  generated  from  the  ultrasonic  images  showing 


ply-by-ply  patterns;  (a)  graphite/epoxy  specimen,  (b)  graphite/PEEK 
specimen. 
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COMET  I  YOKE  PETER  -  FIRST  JET  TRANSPORT 
AIRCRAFT  TO  ENTER  SCHEDULED  AIRLINE  SERVICE 


DESIGN  LIFE  VERSUS  HIGH  TIME 
FOR  COMMERCIAL  TRANSPORTS 


DESIGN  LIFE  | 

HIGH  TIME  1 

AS  OF 
DATE 

HOURS 

FLIGHTS 

HOURS 

FLIGHTS 

50,000 

25.000 

74.050 

43.604 

SEP  1966 

10.000 

40.000 

56.512 

83.706 

SEP  1966 

#0.000, 

42.000 

55.666 

20,109 

SEP  1966 

60.000 

36.000 

37.001 

21.249 

JUN  1966 

60.000 

30.000  1" 

76.265 

35,235 

SEP  1966 

60.000 

50.000 

67  745 

43.568 

SIP  1986 

60.000 

60.000 

65.814 

64.227 

SEP  1966 

45.000 

75,000 

58,450 

81.669 

SEP  1986 

60.000 

20.000 

67.046 

24  241 

SEP  1986 

II)  M.000  FOR  SOME  MOOElS 


PROBABLE  FAILURE  ORIGIN  COMET  I  YOKE  PETER 


BASIC  COMET  I  SHELL  CONFIGURATION 
PROBABLE  FAILURE  ORIGIN  -  YOKE  PETER 


PROBABLE  FAILURE  ORIGIN 
COMET  I  YOKE  UNCLE  TEST  AIRCRAFT 


RESIDUAL  STRENGTH  ANALYSIS  AND  TEST  RESULTS 
ON  COMET  I  FUSELAGE  WITH  CRACK  STOPPER  STRAPS 

(WILLIAMS  TEST) 


157 


a  ^  m  ^  w  - 

RESIDUAL  STRENGTH  DIAGRAM  FOR  TWO-BAY  CRACK 
WITH  CENTER  FRAME  BROKEN  -  CRACK  HEADING 
TOWARD  NOTCH  (COMET  I  TYPE  CONFIGURATION) 

i  TWO  BAY  SKIN  CRACK  WITH 


RESIDUAL  STRENGTH  DIAGRAM  FOR  TWO-BAY  CRACK 
WITH  CENTER  FRAME  INTACT  -  CRACK  HEADING 
TOWARD  NOTCH  (COMET  I  TYPE  CONFIGURATION) 
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RESIDUAL  STRENGTH  DIAGRAM  FOR  TWO-BAY  CRACK 
WITH  CENTER  FRAME  BROKEN  -  CRACK  HEADING  BETWEEN 

CUTOUTS  (COMET  I  TYPE  CONFIGURATION) 


TWO-BAY  SKIN  CRACK 
WITH  CENTER  FRAME  BROKEN 


!sl 


t  I"  I  I 


CRACK  HEADING  MIDWAY 
BETWEEN  CUTOUTS 


OUTER  FRAMES  INTACT 


V  AVERAGE  HOOP  STRESS  14.42  KSI  ■>- 

aX  7b 


SKIN  FRACTURE  CURVE- 


OUTER  FRAME  STRENGTH 


8  12  IE 

HALF  CRACK  LENGTH  (IN.) 


20  24 


DC-6  AND  DC-7  PROPELLER  BLADE  FAILURE  INCIDENTS 


(A)  PROPELLER  BLADE  DAMAGE,  PRESSURIZED 
DC-6,  NEAR  DENVER,  22  AUGUST  10G0 


S-';  sX-.i 


(B)  PROPELLER  DAMAGE,  PRESSURIZED  OC-7, 
NEAR  MEMPHIS.  5  MARCH  19S7 
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DC-8  FUSELAGE  FATIGUE  TEST  PANELS 
REPRESENTING  VARIOUS  AREAS  OF  THE  AIRPLANE 


AFT  FUSELAGE 
CONSTRUCTION  \ 


.  vV'i 

FORWARD  FUSELAGE  \'\  U-'" 
CONSTRUCTION  u'1'\ 


EMERGENCY  EXIT 


WINDOW  CONSTRUCTION 


AIR  CONDITIONING 

AND  TOILET  SERVICE  DOORS 


MINIMUM  GAUGE  CONSTRUCTION  FOR  DC-8  FUSELAGE 


CONTINUOUS  FRAME 
WITHOUT  NOTCH 
(FRAMES  20  INCHES  APART) 


NOTCH  IN  SEPARATE  SHEAR  CLIP 


n  nr  Ikiru  ruirv 


pm  STRESS  12,890  PSI 
AVERAGE  STRESS  9,360  PSI 


0.025-INCH-THICK 
TITANIUM  CRACK 
STOPPER 


-TITANIUM  CRACK  STOPPER  STRAP  PROVIOES 
CONTINUITY  ACROSS  THE  STIFFENER 
CUTOUT  IN  SHEAR  CLIP  REOUCINQ 
CONCENTRATION  AT  FIRST  RIVET 
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dc-8  wedge  penetration  tests 


nitrogen  gun  used  for 
PENETRATION  TESTS 


Mj 


BAT  damage  with  broken  FRAME  and  longeron 
(inside  VIEW)  N 
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TWO  BAY  SKIN  CRACK  SHOWING  FLAPPING 
(EXTERNAL  VIEW) 


FATIGUE  SENSITIVE  AREAS  IN  FUSELAGE  BASIC 


SHELL  STRUCTURE 


SKIN  CRACKING  DUE  TO  HIGH  LOCAL 
BENOING  STRESSES  CAUSEO  BY 
-CABIN  PRESSURE 


VARIATION  IN  HOOP  STRESS 
FUNCTION  OF  FRAME  PROPERTIES-^ 
AND  FLEXIBILITY  ^ 


LOCAL  SKIN  STRESSES 
DUE  TO  FRAME  BENDING 


POTENTIAL 
TWO-BAY 
SKIN  CRACK 
STARTING  AT 
SHEAR  CLIP 
CUTOUT 


CABIN  PRESSURE 


CIRCUMFERENTIAL—"^ 
SKIN  CRACKING  OUE  TO 
HIGH  LOCAL  SKIN  STRESS 
CAUSED  BY  CABIN  PRESSURE 


-LONGERON  CRACKING 
OUE  TO  STRESSES 
CAUSED  BY  PRESSURE- 
INDUCED  BENDING 


-FRAME  BENDING 
DUE  TO  PAYLOAD 
REDISTRIBUTION 
ANO  PRESSURE 


POTENTIAL  TWO  BAY- 
SKIN  CRACK  AFTER 
LONGERON  FAILURE 


DAMAGE  TOLERANCE  DESIGN  GOALS  FOR  FUSELAGE  SKIN 


ONE  BAY  LONGITUDINAL 
CRACK  /) 


TWO  BAY  CIRCUMFERENTIAL  CRACK 
WITH  BROKEN  LONGERON 
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EARLIER  AIRCRAFT  DESIGN 
GOAL 


1  ^ 


- 

I  *  " 


ONE  BAY  CIRCUMFERENTIAL-^  uT  roAn* 

CRACK  CRACK 

/  DC  10  DAMAGE  TOLERANCE  DESIGN  GOAL 


TWO  BAY  LONGITUDINAL 
CRACK 
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RESULTS  OF  FINITE  ELEMENT  ANALYSIS  FOR  CANDIDATE 
SKIN  MATERIALS  -  TWO  BAY  CRACK  WITH  BROKEN 

LONGERON 


GROSS  STRESS 


CENTER 

STIFFENER  BROKEN 


LIMIT  OESIGN  STRESS  REOUIRED 
FOR  THIS  DAMAGE  -  34  KSI 

55  Mr  'w 

x  STIFF^^"^^  0  3029  ,N  2 
O  60  STRENGTH'' 
ui  .  \ 

£  \  \ 

in  \ 

■i  40  DESIGN  STRESS 

i  "x: - 


SKIN - 

FRACTURE  CURVES- 


2  4  6  8  10 

HALF  CRAC^LENGTH  (IN.) 


STIFFENER  SPACING  8  INCHES 


'  7075-T6 
201 4T6 
7075-T73 
2024-T3 


OUTER  ^ 
60 -STIFFENER 
STRENGTH - 


CALCULATED  ALLOWABLE  (KSI) 

SMALL  HAT 

LARGE  HAT 

13.60 

14.72 

18.40 

19.52 

23.52 

25.28 

36.48 

38.72 

Jrv, 

NET  AREA  0.5121  IN.* 


A  7075-T6 
B  2014-T6 
C  7075-T73 
'D  D  2024-T3 


SKIN  FRACTURE  CURVES-' 

_ i _ i - 1 _ ■  * 

2  4  6  8  10 

HALF  CRACK  LENGTH  (IN.) 

(B) 
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FINITE  ELEMENT  RESULTS  -  LONGITUDINAL  CRACK  CASE 


^FRAMES  WITH  CRACK  STOPPERS, 
CENTER  CRACK  STOPPER  FAILED, 
CENTER  FRAME  INTACT 


'  i 

;  N 


'I  A  7075  T6 
B  2014T6 
C  7075  T73 
D  2024  T3 


<C<o  50 

9~40  X 
|o  30 

u,z  OESIGN- 
%%  20  STRESS- 

Sfe  10  r 


FLAT 

CURVED 


4  8  12  16  20  24 

HALF  CRACK  LENGTH  (IN  ) 

(A) 


L  FRAMES  WITHOUT  CRACK  STOPPERS, 
CENTER  FRAME  INTACT 


- FLAT 

---CURVED 


4  8  12  16  20  24 

HALF  CRACK  LENGTH  (IN.) 
(B) 
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DEVELOPMENT  TEST  PANELS  FOR  LARGE  DAMAGE 

SIMULATION 


(A)  FLAT  PANELS  —  LONGITUDINAL 
CRACK 


(B)  FLAT  PANELS  — 

CIRCUMFERENTIAL  CRACK 


'  4 
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,/J  > 


L4- 


-E 
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(C)  CURVED  PANELS 


(D)  VACUUM  TEST  MACHINE  ■ 
CURVED  PANELS 


TYPICAL  EXAMPLES  OF  PANELS  CONTAINING  LARGE 
DAMAGE  LOADED  TO  FAILURE 


\L  I 


T-  ■* 


(A)  FLAT  PANEL  SIMULATING 
LONGITUDINAL  DAMAGE 


(C)  CURVED  PANEL  AFTER  FAILURE  FROM 
LONGITUDINAL  DAMAGE 
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(B>  FLAT  PANEL  SIMULATING 
CIRCUMFERENTIAL  DAMAGE 
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OUTER  CRACK  STOPPER- 
STRENGTH  CRITERION 


SKIN  \  ^ 
FRACTURE^.  \ 
CRITERION-'-5’"' — — =»■< 

CENTER  FRAME 
STRENGTH  CRITERION 


TEST  RESULTS  FOR  TWO  BAY  CIRCUMFERENTIAL  CRACK 


WITH  BROKEN  CENTRAL  LONGERON 


()N2}  0.3029  0.5121 


0.2895  0.4865 


0.3029  0.2895  0.4865 


MINIMUM  GAUGE  CONSTRUCTION  FOR  DC- 10  FUSELAGE 
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BENEFITS  OF  TESTING 


UPDATE  STRUCTURAL  ANALYSIS  MODELS 
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RATIONAL  FOR  SECOND  F-16  TEST 
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A/B  VS.  C/D  PROGRAM  COMPARISON 
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TEST  PROGRAM  (CONTINUED 
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Test  Results 


All  tensile  properties  for  the  lower  surface  wing  panels  were  within  the 
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ELEMENT  TEST  RESULTS 

This  data  was  obtained  under  the  MCAIR  Al-Li  Wing  Skin  program  for  the  F-15 
STOL  technology  demonstrator,  Contract  F33615-80-C-3227 .  The  tests  were 
performed  on  ALCAN’s  production  stock  of  8000  Al-Li  plate  (1.8*  thick)  in  the 
T851  condition.  AFWAL/FIBEC  and  MCAIR  did  the  actual  testing. 
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-Snyopsis- 


This  paper  presents  the  T-46A  Durability  and  Damage  Tolerance  Program 
accomplishments  through  full  scale  engineering  development.  The  T-46A 
design  criteria,  analysis,  development  test,  and  the  full  scale  durability 
test  are  discussed. 

A  detail  discussion  of  the  findings  of  the  Pre-Production  Design 
Verification  (PDV)  tests,  full  scale  durability  test  and  proposed  design 
changes  to  be  incorporated  in  the  production  articles  are  described. 
Special  manufacturing  processes  such  as  application  of  cold  work, 
installation  of  interference  fasteners  are  also  presented. 

Lessons  learned  from  the  program  are  discussed  in  detail.  It  is  believed 
that  use  of  the  lessons  learned  discussed  in  this  paper  for  future 
structural  integrity  programs  will  significantly  reduce  durability  and 
damage  tolerance  technical  risk. 


Lessons  Learned  from  the  T-46A 
Durability  and  Damage  Tolerance  Program 


I.  Introduction 

Military  Standard  1530A  "Aircraft  Structural  Integrity  Program  (ASIP) 
Airplane  Requirements"  (Ref  1)  defines  the  overall  requirements  necessary 
to  achieve  structural  integrity  of  USAF  airplanes.  To  partially  satisfy 
ASIP  requirements,  a  Durability  and  Damage  Tolerance  Program  was 
established  in  the  T-46A  Full  Scale  Engineering  Design  Development  (Refs  2, 
3).  This  was  started  in  May  1982  and  was  concluded  in  March  1987. 

II.  Design  Criteria 

The  service  life  requirement  of  T-46A  was  20,000  flight  hours.  In 
order  to  insure  structural  safety  and  achieve  low  cost  maintenance  and 
operational  readiness  throughout  the  design  service  life  of  the  aircraft, 
the  durability  and  damage  tolerance  design  requirement  was  specified  that 
the  structure  will  neither  reach  functional  impairment  nor  safety  limit 
within  two  design  lifetimes. 

III.  Analysis 

In  the  preliminary  design,  allowable  stress  levels  for  sizing  were 
selected  to  satisfy  the  structural  design  criteria.  Critical  areas  were 
further  selected  for  detail  durability  and  damage  tolerance  analysis. 

These  areas  were  selected  on  the  basis  of  preliminary  stress  analysis, 
geometrical  configuration  ann  materials. 

The  original  randomized  flight-by-flight  spectrum  was  developed  with 
mission  profiles  defined  in  the  Next  Generation  Trainer  (NGT)  Request  for 
Proposal  (RFP).  A  Durability  and  Damage  Tolerance  Analysis  was  performed 
to  determine  the  analytical  structural  lives.  After  the  T-46A  Critical 
Design  Review  (CDR)  in  August  1983,  the  original  design  spectrum  was 
revised  to  include  the  anticipated  operational  air  speeds.  The  Air 
Training  Command  (ATC),  USAF,  revised  the  air  speeds  in  the  original 
mission  profiles  which  were  much  lower  than  the  aircraft  performance 
capability  and  previous  trainer  service  experience.  Durability  and  Damage 
Tolerance  Analysis  were  rechecked  with  the  revised  flight  by  flight 
randomized  spectrum  to  determine  the  impact  of  this  change  on  the 
structural  design.  The  reanalysis  led  to  a  design  change  for  the  upper 
skin  from  7075-T6  to  2024-T3  and  reinforcement  of  spar  and  stringer  on  the 
horizontal  stabilizer. 

IV.  Design  Development  Test 

The  design  development  test  program  included  coupon  tests,  structural 
configuration  tests  and  pre-production  design  verification  tests. 
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a.  Coupon  Test  Program 


Coupons  representing  various  parts  of  the  forward  fuselage,  aft 
fuselage,  empennage  and  wing  were  tested  under  constant  amplitude  and 
flight-by-flight  spectrum  to  obtain  crack  growth  data,  truncation  levers 
for  design  development  testing  and  validation  of  the  analytical  crack 
growth  methodology. 

A  total  of  90  coupons  representing  five  materials  and  four  airframe 
components  were  manufactured  for  the  original  design  flight  by  flight 
spectrum  test.  Three  basic  structural  configurations  were  represented  by 
open  hole,  filled  hole,  and  various  degrees  of  load  transfer.  Design  gross 
stresses  for  the  respective  airframe  components  were  used  as  references  for 
the  selection  of  maximum  spectrum  test  stresses.  After  a  truncation  study 
of  analysis  and  coupon  tests,  the  truncation  range  of  3000  psi  was 
selected.  Spectrum  coupon  test  results  showed  that  the  crack  growth 
analysis  was  in  good  agreement  with  test  results  (Ref  4). 

An  additional  30  coupons  were  manufactured  for  the  revised  spectrum 
testing.  The  results  indicated  that  wing  spar  flanges  required  design 
modification. 

b.  Structural  Configuration  Test  Program 

Three  structural  configuration;  wing  splice  front  spar,  wing 
splice/skin  and  lower  wing  cover,  were  selected  for  durability,  damage 
tolerance  and  residual  strength  tesing. 

(1)  Durability  Testing 


The  original  design  flight  by  flight  spectrum  was  applied  to 
three  structural  configurations  for  two  lifetimes  of  durability  testing. 
Inspection  conducted  at  end  of  two  lifetime  testing  showed  no  signs  of 
crack  initiation  in  any  of  these  three  specimens. 

(2)  Damage  Tolerance  Testing 


Damage  tolerance  testing  were  intiated  after  two  lifetimes  of 
durability  testing.  A  thorough  structural  inspection  of  these  specimens 
were  conducted.  Fasteners  were  removed  for  hole  inspections  and  flaw 
insertions.  Four  locations  on  each  specimen  were  inserted  with  artificial 
flaws  with  a  jeweler's  saw  and  an  Exactor  knife.  At  end  of  one  lifetime 
damage  tolerance  testing,  no  sign  of  crack  growth  or  damage  were  found  on 
specimens.  The  wing  splice/skin  specimen  were  further  tested  for  an 
additional  two  lifetimes  of  damage  tolerance  but  no  crack  growth  was  found. 

(3)  Residual  Strength  Testing 

Only  the  lower  wing  cover  underwent  residual  strength  testing 
after  the  completion  of  one  lifetime  damage  tolerance  testing.  No  damage  or 
flaw  growth  was  found.  This  same  flaw  was  then  extended  to  8.42"  and  was 
tested  to  failure.  The  failure  load  reached  135%  of  design  limit  load. 


In  conclusion,  the  results  of  these  tests  showed  that  the  design 
exceeded  the  specification  design  requirements  (ref. 5). 

c.  Pre-Production  Design  Verification  (PDV)  Test  Program 

The  objectives  of  PDV  tests  were  to  verify  whether  the  design 
sastifys  the  durability  and  damage  tolerance  requirements.  Tests  were 
conducted  on  selected  critical  compmnents  using  the  earliest  available 
production-type  parts.  Three  major  structural  components  were  programmed 
for  testing  to  the  revised  flight  by  flight  spectrum  for  two  lifetime  of 
durability  and  one  lifetime  of  damage  tolerance  testing. 

(1)  Empennage/Fuselage  Attachment 

This  component  completed  two  lifetime  of  durability  and  one  lifetime 
damage  tolerance  testing  with  the  revised  flight  by  flight  randomized 
spectrum.  A  thorough  inspection  was  conducted  after  two  lifetime  durability 
testing  and  found  two  cracks  in  the  fuselage  access  door  doubler.  Five 
artificial  corner  flaws  of  .05"  were  induced  with  saw  cut  at  the  beginning 
of  damage  tolerance  testing.  The  locations  were  selected  on  the  basis  of 
damage  tolerance  analysis  and  the  accessibility  for  crack  growth 
monitoring.  At  25 2  lifetime  of  damage  tolerance  testing,  the  .05"  induced 
flaw  was  increased  to  .10"  for  an  additional  452  of  a  lifetime  testing, no 
significant  crack  growth  data  was  recorded.  This  same  flaw  was  increased  to 
.175"  and  testing  for  another  302  of  a  lifetime.  At  the  completion  of  one 
lifetime  damage  tolerance  testing,  no  crack  growth  was  found.  Follow  on 
residual  strength  testing  was  performed  to  1002  limit  load.  The 
empennage/ fuselage  design  satisfied  the  durability  and  damage  tolerance 
requirements  for  the  revised  spectrum  (ref  6). 

(2)  Engine  Thrust  Fitting  (Engine  Support  Structure) 

This  test  consisted  of  flight-by-flight  radomized  spectrum  loading  for 
two  lifetime  durability  and  one  lifetime  damage  tolerance  testing.  Five 
flawed  locations  on  the  test  specimen  were  imposed  after  two  lifetime 
durability  testing.  Because  of  very  small  measured  crack  growth  at  252 
lifetime,  the  three  .05"  flaws  were  increased  to  .100"  and  monitored  to  the 
end  of  damage  tolerance  testing.  The  inspection  noted  very  small  crack 
growth  in  any  of  the  induced  flaw  locations.  The  design  met  the  durability 
and  damage  tolerance  design  requirements  with  the  application  of  the 
revised  spectrum  (ref  7). 

(3)  Ving/Fuselage  Attachment/Main  Landing  Gear  Support  Structure 

The  test  article  was  a  structually  complete  fuselage  from  FS  252  to  FS 
282  and  wing  from  RWS  117  to  LVS  117;  including  the  landing  gear  backup 
structure.  The  wing  leading  edge,  wing  trailing  edge,  aileron  and  flap 
were  not  included.  The  wing  hand  forged  frames  at  FS  252  and  FS  282  were 
machined  to  the  die  forged  dimensions.  The  test  fuselage  structure  was 
supported  by  steel  bulkheads  at  FS  210  and  FS  298  in  the  fixture  areas  of 
the  fuselage.  The  test  area  included  two  main  frames  (FS  252  and  FS  282), 
landing  gear  ribs  and  pertinent  stabilizing  structure  main  members  of  the 
fuselage  structure  between  FS  252  and  FS  282. 


The  test  article  was  planned  to  be  subjected  to  three  lifetimes  of 
testing  (two  lifetime  durability  and  one  lifetime  damage  tolerance).  The 
loading  spectrum  of  1000  hours  each  would  be  repeated  56.5  times.  Fourteen 
marker  band  sequences  of  250  hours  would  be  applied  at  the  end  of  each2&% 
lifetime  interval.  The  load  spectrum  consisted  of  1263  unique  flight 
loading  conditions  and  20  landing  load  conditions  truncated  to  exclude 
conditions  from  one  g  to  and  including  2.25g.  The  testing  was  started  on  31 
May  85.  On  29  Jun  85,  at  11.58%  of  the  first  lifetime,  the  specimen  was 
undergoing  the  application  of  5.75g  condition,  the  test  shut  down 
automatically.  A  visual  inspection  revealed  a  crack  in  the  right  hand 
front  spar  frame  252  in  the  nacelle  outboard  wall  portion. 

This  failure  investigation  was  jointly  conducted  by  the  Fairchild 
Republic  Company  and  an  Air  Force  Structures  Review  Team.  The  main  tasks 
of  the  failure  investigation  included  the  examination  of  fracture  surfaces 
of  the  failure  area,  NDI  inspection  of  fastener  holes  on  left  side  of  252 
and  282  frames,  verification  of  stress  analysis  with  strain  survey, 
verification  of  the  da/dt!  data  by  coupon  tests  from  the  test  article.  A 
minimum  initial  repair  was  accomplished  in  order  to  complete  a  3g  detail 
strain  survey.  Additional  fracture  analysis  for  multiple  hole 
configurations  were  performed  as  well  as  an  indepth  review  of  the  finite 
element  stress  model. 

The  additional  strain  survey  revealed  that  the  stresses  at  the  failure 
location  were  higher  than  predicted.  The  review  of  the  stress  analysis  and 
internal  load  finite  element  model  revealed  an  error.  This  error  caused  an 
unconservative  calculation  in  the  percentage  of  wing  root  moment 
distributed  to  the  nacelle  wall  portion  of  the  frame.  As  a  result,  the 
local  region  of  the  nacelle  wall,  including  the  outboard  flange  was  under 
designed.  To  correct  the  deficiency,  the  252  frame  in  the  nacelle  area  was 
beefed  up  in  cross  sectional  area.  The  new  frame  was  incorporated  in  the 
durability  test  article  and  the  first  production  aircraft  (P-1). 

The  front  spar  frame  252  of  the  PDV  test  article  was  repaired  and 
testing  was  resumed  later.  As  the  test  progressed,  several  events  occurred 
;  fastener  head  cracking,  front  spar  cracking  and  US  78  upper  wing  skin 
cracking.  Each  .event  was  analyzed  for  an  appropriate  action  to  be 
incorporated  in  the  durability  test  article  and  production  articles.  Larger 
size  fasteners  were  installed  in  the  durability  and  production  articles. 
Revised  chem  mill  skin  thickness  and  increased  local  frame  flange  thickness 
on  both  front  and  rear  spar  of  production  articles  were  also  determined. 

At  103%  lifetime  the  front  spar  at  US  96  R/H  lower  surface  cracked  and 
was  repaired  with  internal  steel  straps.  The  test  was  resumed.  No  major 
events  occurred  until  186%  lifetime  when  the  L/H  side  frame  282  at  US  63 
stub  wing  cracked  in  the  lower  cap  and  vertical  web. 

The  failure  was  again  jointly  investigated  by  the  Fairchild  Republic 
Company  and  an  Air  Force  Structures  Review  Team.  The  failure  investigation 
included  the  evaluation  of  test  loads,  stress  analysis,  fracture  analyses, 
materials  evaluation,  f ractographic  and  metallurgical  examinations. 

In  the  previous  analysis,  both  7175-T73652  hand  and  die  forging  crack 
growth  rate  in  the  low^K  regions  were  estimated  with  a  very  limited  test 


data.  To  eliminate  the  uncertainty,  coupon  specimens  for  hand  forging 
machined  from  the  test  article  and  die  forging  machined  from  disposed  part 
were  tested  to  generate  da/dN  in  the  low regions.  The  results  showed  die 
forging  had  a  lower  threshold  stress  intensity  factor  a KtA  (~1 .5  KSI^ln")  and 
slight  higher  da/dN. 

Additional  coupon  spectrum  testing  of  the  7175-T73652  die  forgings  were 
also  performed.  The  results  indicated  that  the  existing  rear  spar  required 
a  design  change  or  modification  to  cold  work  holes  to  ensure  adequate 
durability  structural  integrity.  The  design  change  for  the  production 
articles  proposed  three  options;  cold  work  holes,  cold  work  holes  with 
steel  strap  reinforcement,  or  increased  flange  thickness  to  reduce  stress 
levels. 

In  accordance  with  the  test  plan, one  lifetime  of  damage  tolerance 
testing  was  planned  to  be  conducted  after  the  completion  of  two  lifetimes 
of  durability  testing  on  this  specim'efr.  Testing  was  terminated  because 
additional  repairs  would  result  in  an  unre'p?6si^tatt,ve-%test  article. 
Subsequent  to  the  test  termination  a  detail  teardovn  inspection  was 
accomplished  but  no  additional  cracks  were  found. 

V.  Full  Scale  Durability  Testing 

A  complete  full  scale  airframe  was  planned  to  be  tested  for  two 
lifetimes  of  flight-by-flight  spectrum.  The  test  article  was  the  fourth 
complete  airframe  constructed  and  was  representative  of  the  production 
aircraft.  The  test  article  had  the  redesigned  die  forging  frame  at  FS252. 

As  much  as  schedule  allowed,  structural  modifications  identified  by  the 
pre-production  design  verification  tests  were  incorporated  on  the  full 
scale  article. 

Full  scale  durability  testing  was  started  on  22  Jul  86  and  one  lifetime 
was  complected  on  21  Jan  87.  At  25 X  of  the  first  lifetime,  additional 
strain  gages  were  installed  in  the  FS  252  and  282  armpit  areas  and  the  left 
rear  wing  spar  lower  cap.  This  generated  detail  stress  distribution  for 
correlation  with  the  wing/fuselage  PDV  tests  and  for  comparison  with  the 
applied  front  and  rear  spars  load  distribution.  Because  of  the  failure  of 
the  PDV  test  article  at  1.86  lifetimes,  selected  fastener  holes  of  the  full 
scale  article  were  inspected  with  low  frequency  eddy  current  techniques  in 
addition  to  the  regular  inspection  program  specified  in  the  full  scale 
durability  test  plan  at  every  25%  lifetime  interval. 

During  the  first  lifetime  schedule  inspection,  some  broken  fasteners,  a 
damaged  outboard  wing  rib  (at  VS  201  due  to  cylinder  overload),  a  failed 
wing  rib  at  wing  station  63.5,  and  two  upper  wing  skin  cracks  about  2"  long 
were  found.  The  inspection  at  100%  of  one  lifetime  revealed  no  cracks  in 
the  front  and  rear  spars. 

The  Air  Force  Structures  Review  Team  recommended  that  selected  fastenei 
holes  be  cold  worked,  the  upper  wing  skin  be  replaced,  and  redesign  ribs  be 
installed  at  wing  stations  63.5  and  80.0  for  the  second  lifetime  durability 
testing.  On  13  Mar  87, the  T-46A  program  was  concluded.  The  second  lifetime 
testing  was  not  started. 
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VI.  Lessons  Learned 


Although  some  of  the  design  changes  and  recommendations  couldn't  t>e 
implemented,  several  important  lessons  learned  deserve  to  be  mentioned. 
These  should  be  very  useful  for  planning  future  structural  integrity 
programs. 

a.  Design  Spectrum 

The  design  spectrum  should  be  defined  as  early  as  possible*  The 
importance  of  the  mission  profiles  should  be  emphasized  to  the  using 
command  so  that  they  are  avare  of  the  impact  that  changes  will  have  on  the 
structural  design  and  possibly  performance.  Once  the  prelminary  design  has 
been  completed,  a  change  in  the  design  spectrum  requires  a  complete 
assessment  of  design  development  and  verification  test  programs.  Design 
changes  should  be  incorporated  on  all  full  scale  test  articles. 

b.  Materials  Selection/Geometric  Configuration 

Materials  types  or  forms  used  for  the  development  test  article  should 
be  the  same  as  those  used  in  the  production  article.  If  substitution  is 
required  due  to  the  schedule  constraint,  an  assessment  should  be  performed 
to  determine  the  impact  on  structural  integrity.  In  any  event,  the  same 
geometrical  configuration  should  be  maintained.  This  also  avoids  duplicate 
efforts  on  stress  analysis,  test  interpretation,  drawings  identification 
and  manufacturing  tooling. 

c.  Crack  Growth  Data 

Basic  facture  data  utilized  in  the  design  analysis  should  be  obtained 
from  existing  sources  or  developed  as  part  of  the  contract.  Data  not 
available  from  the  existing  sources  should  be  generated  in  the  early  stage 
of  the  development  test  program.  Specifically,  crack  growth  data  for  the 
low/O-K  region  should  be  generated  for  the  proposed  materials  (types,  forms, 
etc).  Estimations  of  crack  growth  rate  for  this  region  should  be  exercised 
with  care. 

d.  Finite  Element  Model 

The  early  failure  of  the  wing/fuselage  attachment  pre-production  design 
verification  test  article  led  to  an  extensive  and  time  consuming  review  of 
the  finite  element  model.  This  effort  concluded  that  inappropriate 
stiffness  assumptions  were  made  in  the  vertical  nacelle  flange  areas  and 
the  resulting  stress  values  were  underestimated.  Analysis  indicated  that  a 
portion  of  the  frame  required  redesign.  This  redesign  adversely  affected 
the  original  full  scale  engineering  development  program.  It  was  concluded 
that  a  special  effort  to  review  the  finite  element  model  should  be 
completed  before  the  release  of  final  engineering  drawings.  A  detailed 
review  of  the  model  with  the  aid  of  computet  graphic  capability  should  be 
employed.  The  review  should  include  verification  of  the  modeling  philosophy 
and  accuracy.  The  engineering  drawings  should  be  compared  with  the  model. 
The  model  load  condition  distribution  and  the  boundary  condition 
assumptions  should  le  checked.  The  deflection  end  stress  distribut ion 


thoroughly  checked  to  insure  proper  load  distribution.  The  finite  element 
model  should  be  continuously  updated  to  reflect  the  current  structural 
configuration. 

e.  Crack  Growth  Methodology  Verification 

Crack  growth  analysis  methodology  should  be  verified  with  the  coupon 
test  program.  The  test  stress  levels  should  be  similar  to  the  design 
stress  levels  in  the  airframe  structure.  Due  to  the  spectrum  sensitivity, 
any  spectrum  change  should  be  verified  with  the  coupon  test  program.  Any 
modification  or  design  changes  resulting  from  a  spectrum  change  should  be 
included  in  the  test  articles  and  production  articles  as  soon  as  practical. 

f.  Test  Schedule 

The  purpose  of  development  tests  are  to  uncover  any  possible  design 
deficiency,  and  generate  test  information  to  be  applied  to  the  full  scale 
and  production  articles.  The  schedule  should  be  conservative  with 
appropriate  recognition  of  test  down  time  for  repairs  and  inspections.  The 
overall  test  planning  should  allow  completion  of  the  development  testing 
and  tear  down  inspection  to  permit  incorporation  of  changes  into  the  full 
scale  test  article.  Any  unrealistic  schedule  will  affect  the  overall 
program  schedule. 

VII.  Conclusion 

The  T-46A  Durability  and  Damage  Tolerance  Program  was  established  under 
the  T-46A  Structural  Integrity  Program  to  ensure  that  engineering 
development  would  result  in  an  airframe  that  satisfied  the  durability  and 
damage  tolerance  requirements  specified  in  the  Air  Vehicle  Specification. 
Ample  information  was  generated  from  the  engineering  design,  analysis  and 
development  test  program  which  were  incorporated  in  the  full  scale 
durability  test  and  production  article.  Several  important  lessons  learned 
are  discussed.  Incorporation  of  the  lessons  learned  discussed  above  for 
future  programs  will  significantly  reduce  durability  and  damage  tolerance 
technical  risk. 
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W  OF  THE  QUALITY  OF  SCREW  THREADED  PRODUCTS  WAS  CONDUCTED  DURING  THE  PERIOD 
CT  1987.  RECOMMENDATIONS  TO  IMPROVE  THE  QUALITY  OF  THESE  PRODUCTS  WERE  DEVELOPED 
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THIS  REVIEW  WAS  INITIATED  ABOUT  15  MONTHS  AGO  WHEN  HQ  USAF/LE-RD  CIRCULATED  A  DRAFT  POLICY 
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COMPARATIVE  ANALYSIS  OF  AIR  FORCE  & 
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ABSTRACT 


The  critical  nature  of  the  TF39-100  engine  to  the 
Air  Force's  A-10  Close  Air  Support  weapon  system 
made  It  Important  to  obtain  the  best  possible 
visibility  of  the  engine's  future  structural 
maintenance  needs  and  component  life  limits. 
Accordingly,  an  In-depth  structural  durability  and 
damage  tolerance  assessment  was  performed  on  this 
engine  by  a  Joint  Air  Force/General  Electric  team. 


Figure  1  -  TF3W-100  Engine 


Resulta  of  the  aasessment  team's  unprecedented 
analysis  eliorts  culminated  in  a  comprehensive 
Structural  Maintenance  Plan  that  identified  both 
current  and  future  maintenance  actions  necessary  for 
lnaurlng  maximum  flight  safety.  The  plan  entailed 
component  inspection  and  replacement  Intervals, 
Inspection  systems,  preferred  modifications/reworks, 
and  a  life  growth  plan  for  extending  the  useful  life 
of  the  TF39-100  upwards  to  8000  A-10  mission  hours. 

This  paper  details  the  nature  and  extent  of  effort 
undertaken  In  conducting  the  18  month  structural 
assessment . 

INTRODUCTION 


The  TF34-100,  Figure  l,  was  among  several 
englnes/alrframes  recommended  for  Durability  and 
Damage  Tolerance  Assessments  (DADTA)  by  the  Air 
Force  Scientific  Advisory  Board  In  1976.  Air  Force 
philosophy  has  moved  towards  conducting  DADTA  on 
aircraft  engines  as  It  did  on  airframe  structures  In 
the  1970-1978  time  period.  An  Engine  Structural 
Integrity  Program  (ENSIP)  specification  has  been 
developed  between  USAF  and  industry  to  cover  the 
structural  requirements  Tor  future  engine  designs. 
Figure  2  summarizes  the  airframes  and  engines  which 
have  received  similar  assessments  over  the  past 
decade.  Also  presented  la  a  companion  summary  of 
aircraft  and  propulsion  systems  which  have  been 
designed  employing  a  damage  tolerance  concept. 


The  TFS'I-IOO  assessment  was  conducted  over  a  period 
of  18  months  by  a  Joint  Air  Foroe/Contractor  team. 
The  primary  objectives  of  the  Durability  and  Damage 
Tolerance  Assessment  were  to  refine  and  update  the 
part  replacement  times  and  define  the  Inspection 
requirements  necessary  to  Insure  structural 
integrity  throughout  the  anticipated  service  life. 
This  Included  Identification  of  the  specific 
components  and  locations  for  Inspection,  type  of 
Inspection  (e.g.,  visual,  fluorescent  penetrant 
inspection  (FPI),  eddy  current,  etc.),  estimated 
costa  of  Inspections,  and  the  logistics  Impacts. 
Also,  economical  modifications  and/or  repair  options 
for  components  exhibiting  low  or  marginal  durability 
limits  were  established.  This  Included 
Investigating  the  technical  feasibility  of  the 
options,  estimating  the  probable  costs  and 
determining  the  post  modification/repair  life  limits 
and  Inspection  requirements. 

The  life  limits,  safety  inspection  requirements, 
mod  if lcation/ repair  options,  and  post  repair 
inspection  requirements  were  Integrated  into  an 
overall  structural  maintenance  plan  for  the  engine. 
Sensitivity  studies  were  performed  to  determine  the 
effects  on  component  Life  limits  and  inspection 
intervals  of  different  environmental/operational 
factors  including  partial  cycle  sequencing,  flaw 
size  variation,  retardation,  inert  atmosphere,  and 
analytical  models/algorlthms . 


Presented  at  the  international  Gas  Turbine  Conference  and  Exhtbit 
Ousse'dort  West  Germany— June  8-12.  1986 


TECHKfCAL  APPROACH 


The  structural  assessment  was  comprised  of  eight 
major  tasks.  The  technical  approach  followed  and 
the  inter-relationship  of  these  eight  tasks  is  shown 
in  Figure  3.  The  foilovAng  paragraphs  provide  a 
discussion  of  the  efforts  related  to  each  of  these 
Casks . 
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Figure  2  -  Damage  Tolerance  Assessments/Designs 

TASK  I  -  IDENTIFICATION  OF  CRITICAL  AREAS 
Introduction 

The  purpose  of  this  task  was  two-fold; 

1)  To  review  the  various  engine  components  and 
classify  them  as  either  FRACTURE  CRITICAL  or 
DURABILITY  CRITICAL  based  upon  the  potential 
consequence  of  failure. 

2)  To  define  the  nature  and  extent  of  additional 
work  reauired  in  the  subsequent  tasks. 

A  detailed,  disciplined  approach  was  utilized  in 
accomplishing  this  task  and  included  the  following 
key  elements: 

o  Review  of  existing  stress,  heat  transfer  and 
life  analyses  (including  materials  data),  as  well  as 
the  life  management  plan  for  the  individual 
components . 

o  Review  of  pertinent  field  and  factory 
experience  on  each  component. 


Figure  3  -  DADTA  Techn^*1  Approach 


o  Establishment  of  FRACTURE  or  DURABILITY 
CRITICAL  classification  on  a  part-by-part  basis. 

o  Evaluation  of  efforts  underway  or  completed 
which  address  particular  problem  areas. 

o  Conducting  initial  fracture  screening  for 
critical  areas  of  the  FRACTURE  CRITICAL  components. 

o  Establishment  of  additional  work  (action) 
required  by  the  DADTA  team. 

Criteria 

A  FRACTURE  CRITICAL  part  is  defined  as  a  part  which, 
if  it  failed,  would  likely  jeopardize  flight  safety 
through  single  or  progressive  part  failures. 

A  DURABILITY  CRITICAL  part  is  defined  as  a  part 
whose  failure  could  result  in  a  significant 
maintenance  burden  but  would  not  likely  result  in  a 
flight  safety  problem.  Engine  experience  was  a 
primary  consideration  when  judging  part 
classification. 

An  in-depth  review  was  undertaken  of  all  major 
rotating  components,  pressure  casings,  frames,  and 
mount  load  structures.  The  engine  external  controls 
and  accessories  were  also  evaluated  for  structural 
adequacy.  All  components  containing  internal 
pressure  were  scrutinized  and  preliminary  fracture 
analyses  performed.  Leak  before  burst  assessments 
and  failure  mode  and  effect  analyses  were  conducted. 
Based  on  the  culmination  of  engine  experience  and 
analysis  the  external  accessories  were  classified  as 
DURABILITY  CRITICAL. 

Crack  experience  on  static  structures  and  related 
Component  Improvement  Program  (CIP)  tasks  were 
reviewed  to  ensure  that  potential  problems  were 
being  addressed.  This  information,  in  conjunction 
with  the  aforementioned  data  summaries  served  to 
guide  the  team  in  establishing  the  nature  and  extent 
of  effort  required  as  part  of  the  assessment. 

In  total,  one  hundred  seventeen  (117)  components 
were  reviewed  or  screened,  forty-one  (ill)  of  which 
were  classified  as  FRACTURE  CRITICAL,  and  fifty- 
seven  (57)  were  designated  as  requiring  additional 
analyses.  A  summary  by  assembly/area  follows: 
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Figure  4  -  Task  I  Summary  Sheet  for  the  Fan  Disk 
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Other  rotating  or  static  parts  not  on  the  FRACTURE 
CRITICAL  list,  as  well  as  functional  parts  including 
seals,  springs,  etc.,  were  classified  as  DURABILITY 
CRITICAL. 

Figure  4  is  a  typical  Summary  Sheet  compiled  for 
each  part.  Xs  3hown,  all  relevant  information  was 
summarized  for  use  In  subsequent  tasks. 

Fracture  screening  summary  sheets  containing 
estimated  critical  crack  sizes  for  high  stress  areas 
were  also  developed.  This  screening  served  to 
identify  parts/locations  especially  sensitive  to 
small  defects  thus  guiding  the  selection  of 
candidate  parts  for  review  in  the  hardware  quality 
review  undertaken  in  Task  III. 

The  primary  objectives  of  Task  I  were  satisfied  with 
the  classification  of  components  as  either  FRACTURE 
or  DURABILITY  CRITICAL  and  definition  of  analysis 
effort  required  for  each  component. 

A  complete  reanalysis  of  the  entire  eng'.e  was 
dictated,  with  two  separate  and  distinct  nalyses 
required  for  the  compressor  and  LPT  rotor-  due  to 
the  existence  of  two  different  field  configurations. 
The  reanalyses  not  only  encompassed  the  traditional 
LCF  but  included  the  introduction  of  a  fracture 


mechanics  methodology.  Updating  existing  heat 
transfer  analyses,  refinement  of  stress  models, 
updating  materials  data,  and  developing 
representative  A-10  mission  profiles  were  undertaken 
as  part  of  the  assessment  team's  activities. 

TASK  II  -  STRESS  ENVIRONMENT  SPECTRA 


Introd uctlon 

A  prerequisite  to  establishing  realistic  Low  Cycle 
Fatigue  (LCF)  lives  and  safety  inspection  intervals 
was  the  determination  of  an  accurate  stress 
spectrum.  Essential  ingredients  to  the  overall 
stress  spectrum  development  were  the  mission  usage, 
engine  thermal  development,  vibratory  stress 
response,  and  detailed  stress  analyses.  Pertinent 
details  of  these  Ingredients  are  provided  in  the 
following  sections. 

Mission  Usage 

A  substantial  operational  data  base  wa3  available 
for  use  in  formulating  the  usage  spectrum.  The 
technical  approach  employed  was  unprecedented  and 
used  measured  engine  time  history  data  for 
developing  the  usage  profiles.  The  mission  analysis 
efforts  resulted  in  the  definition  of  eight 
operational  profiles,  a  scheduled  maintenance  cycle 
and  associated  mission  mix. 

Approximately  thirteen  percent  of  the  aircraft  in 
the  A-10  fleet  are  equipped  with  MXU-533  tape 
recorders.  In  addition  to  recording  time  histories 
of  normal  airframe  parameters,  those  installed  after 
1976  recorded  engine  Power  Lever  Angle  ( PLA ) 
activity.  The  PLA  time  history  was  of  prime 
interest  however  airspeed  and  altitude  information 
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were  also  processed  and  used  in  defining  engine 
operating  characteristics.  A  sample  flight  time 
history  is  shown  in  Figure  5. 
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Figure  5  -  Sample  Time  History 

A  computer  routine  was  used  in  segregating  the  PLA 
activity  into  cycles  of  defined  bands  of  extremities 
(peaks  and  valleys).  The  bands  were  set  at  10°  PLA 
intervals  from  idle  (20O)  to  maximum  PLA  (100°)  in 
order  to  allow  for  grouping  of  common  cycle  types. 
After  examination  of  time  history  plots  of  many 
flights,  three  types  of  cycles  dominated  the 
operation.  These  types,  when  the  bands  fpr  the 
peaks  and  valley  were  defined,  encompassed 
essentially  all  cycles  of  significant  range.  Figure 
6  illustrates  these  partial  cycle  types.  The  0°  to 
100°  to  0°  PLA,  (zero-max-zero  or  "LCF"  cycle)  was 
treated  in  addition  to  the  three  types  shown. 
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Figure  6  -  Cycle  Definition 

The  output  of  cycle  counts  and  flight  lengths  were 
stored  in  a  computer  databank.  A  databank 
manipulation  program  grouped  the  counts  by  cycle 
type  and  determined  the  average  number  of 
occurrences  of  each  cycle  type  per  flight  for  each 
mission  type. 

An  engine  rotational  speed-PLA  relationship  was 
needed  for  input  to  the  life  analysis  program  and 
was  obtained  from  a  statistical  treatment  of  the 
performance  deck  values  for  various  airspeeds  and 
altitudes.  The  tapes  were  interrogated  to  determine 
the  percentage  of  time  spent  in  each 
airspeed/altitude  corridor  when  the  PLA  was  at 
maximum  (90-100  )  and  idle  (10-20  )  settings. 

The  fan  and  core  speeds  associated  with  these 
airspeed/altitude  corridors  were  tabulated  and 
histograms  of  the  maximun  values  encountered  in  each 
flight  were  developed  for  each  base.  A  weighted 
maximum  value  was  derived  based  on  the  number  of 


engines  at  each  base  and  used  for  every  type  I  and 
III  cycle.  Values  of  speeds  for  partial  PLA 
settings  were  also  developed  from  the  performance 
deck  values. 

The  length  of  time  (dwell)  spent  at  the  cycle  peak, 
valley,  and  throughout  the  excursion  was  determined 
by  examining  the  PLA  time  history  plots  of  all 
flights.  Although  there  was  a  large 
flight-to-flight  variation  In  PLA  activity  and  dwell 
times,  typical  profiles  could  be  discerned.  Typical 
profiles  from  each  base/mission  type  were  selected 
and  the  dwell  times  extracted  graphically. 

Each  cycle  type  was  subdivided  according  to  when  the 
acceleration/deceleration  dwells  occurred.  The 
proportion  of  the  three  cycle  subtypes  were  also 
determined.  The  dwell  times  were  averaged  for  each 
base/mission  type.  The  resulting  eight  mission 
profiles  were  created  by  taking  the  previously 
determined  cycle  counts,  dwell  times,  and  subtype 
proportionalities  and  placing  them  in  a  quasi-random 
sequence  similar  to  the  flight  profiles  from  which 
they  were  statistically  derived.  A  typical  profile 
is  shown  in  Figure  7.  As  with  the  dwell  time 
determination,  examination  of  many  computer 
generated  profiles  allowed  graphic  determination  of 
realistic  sequencing;  including  proper  placement  of 
inactive  (cruise)  time.  A  sensitivity  study 
treating  cycle  sequencing  was  conducted  in  Task  V. 


Figure  7  -  Bentwaters  RAFB  Navigation  Mission 
Mission  Mix 

Seven  predominant  types  of  missions  were  identified 
in  the  A-10  application. 

o  Basic  Flight  Maneuvers  (BFM) 
o  Conversion  (CV) 
o  Ground  Attack  (GA) 
o  Ground  Attack  Tactics  (GAT) 
o  Navigation  (NAV) 
o  Surface  Attack  (SA) 
o  Surface  Attack  Tactics  (SAT) 

The  percent  of  total  operation  of  each  mission  type 
(the  mission  mix)  was  derived  from  the  A-10 
Operation  Usage  Program  Quarterly  Report.  The  mix 
was  based  on  185,000  hours  of  logged  flying; 
essentially  all  A-10  operation  to  that  date.  It  was 
determined  through  discussions  with  Tactical  Air 
Command  (TAC)  operations  personnel  that  past  A-10 
operation  was  representative  of  planned  future 
activity.  The  tabulated  mix  was  consolidated  into 
the  eight  missions  plus  a  maintenance  cycle  as  3hown 
in  Figure  8. 

Data  on  engine  operation  for  scheduled  maintenance, 
consisting  primarily  of  trim  and  gun  gas  washing  was 
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obtained  from  maintenance  personnel  at  several 
bases.  An  unscheduled  maintenance  cycle  was  also 
defined  through  discussions  with  field 
representatives.  * 
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Figure  8  -  Mission  Analysis  Summary 


Mission/Base  Integration 


Low  Cycle  Fatigue  (LCF)  and  crack  growth  analyses 
were  conducted  separately  for  all  nine  profiles. 
These  results  were  mathematically  combined  based  on 
the  mission  mix  and  the  percentage  of  engines 
residing  at  each  base. 

Temperature  Development 

Component  temperatures  required  in  support  of  the 
stress  and  life  analyses  were  generated  using  the 
Transient  Heat  Transfer  (THT)  analysis  model. 
Measured  engine  and  core  thermocouple  data  provided 
the  empirical  base  for  calibrating  the  mathematical 
model . 

The  THT  models  for  the  different  rotors  were 
continuously  updated/refined  as  new  data  became 
available.  Figure  9  shows  the  locations  of  measured 
data  employed  in  the  update  for  the  LPT  rotor. 
Similar  data  was  available  for  the  HPT  and  two 
compressor  rotors.  Little  measured  thermocouple 
data  existed  for  the  combustor  frame  and  HPT  casing. 
As  such,  an  instrumentation  plan  was  defined  and 
Incorporated  into  the  CIP  program. 

Vibratory  Stress  Review/Safety  Limit  Analysis 

A  review  of  both  predicted  and  measured  vibratory 
stress  data  was  conducted  for  all  fan,  compressor, 
and  turbine  airfoils.  Particular  attention  was  paid 
to  the  fracture  critical  components  (fan  and  stage  1 
compressor  blades).  The  results  were  directly 
employed  in  determining  the  vibratory  margins  and 
threshold  crack  sizes  which  could  be  tolerated 
without  risk  of  failure.  Stress  levels  utilized  in 
conducting  the  life  assessments  were  derived  based 
upon  normal  engine  operation. 
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The  vibratory  stresses  were  included  in  the  safety 
1 ini t  calculation  by  allowing  the  ar-  initial 
defect  to  grow  until  it  reached  a  point  where  the 
vibratory  A KEFF  exceeded  the  threshold  A K  for  the 
material.  The  rationale  for  truncating  the  safety 
limit  at  this  point  stems  from  the  high  rate  of 
cycle  accumulation  and  corresponding  growth  that 
would  be  expected  to  ensue  during  resonance 
response . 

For  all  cases  the  steady  stress  corresponding  to  the 
speed(s)  where  vibratory  response  occurred  were  used 
for  performing  the  crack  growth  analyses. 

Adequate  margins  of  safety  existed  for  all  airfoils 
during  normal  engine  operation.  In  addition,  the 
two  fracture  critical  blades  showed  ample  residual 
life  for  all  operating  conditions  where  vibratory 
stresses  were  considered. 
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Figure  9  -  Temperature  Data  Acquisition  for  Low 
Pressure  Turbine 

Stress  Analyses 

Stress  spectrums  were  derived  for  fracture  and 
durability  critical  turbooachinery  and  static 
cases/mount  structures.  A  simplified  stress  cycle 
was  defined  and  utilized  in  the  control  and 
accessory  crack  growth  analyses. 

A  revised  aircraft  maneuver  load  spectrumi 
officially  denoted  Spectrum  3»  was  incorporated  into 
the  analysis.  The  translation  of  maneuver  load 
spectrums  Into  mount  loads  was  accomplished  through 
the  application  of  a  Mount  Load  computer  program. 
Operating  stresses  in  the  forward  and  rear 
mount/load  paths  were  obtained  using  a  combination 
of  empirical  and  analytical  factors.  For  locations 
where  measured  data  was  available,  empirical 
load-to-stress  relationships  were  developed.  These 
ratios,  in  conjunction  with  the  load  spectrum  data 
and  applicable  analytical  stress  equations,  served 
to  define  the  stress  spectrum  for  the  primary  areas 
of  interest. 


With  the  exception  of  the  fan  rotor  assembly, 
nominal  stress  determination  for  the  turbomachinery 
was  accomplished  using  a  sheil  analysis  program. 
Nominal  and  concentrated  stress  values  for  the  fan 
disk,  blade,  pin,  and  shaft  were  arrived  at  through 
a  series  of  finite  element  models. 

Thermal  and  mechanical  nominal  stress  values  were 
obtained  at  numerous  points  along  the  burst  and  chop 
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profiles.  Rotor  speeds,  bolt  loads,  cavity 
pressures,  and  blade  loadings  were  varied  as  i 
function  of  operating  conditions  in  order  to 
simulate  the  appropriate  boundary  conditions. 

Surface  constraints  between  adjacent  structures  were 
modified  to  account  for  the  relative  growth 
experienced  at  different  points  in  the  transients. 

Stress  concentration  factors  and  gradients  for 
representative  geometric  details  were  arrived  at 
through  a  combination  of  handbook,  2-D  and  3-D 
finite  element  analyses.  Displacement  or  stress 
fields  as  extracted  from  the  axi symmetric  finite 
element  or  shell  analyses  served  as  the  boundary 
conditions  for  the  localized  2-D  and  3-D  models. 

Once  defined,  Kts  were  treated  as  invariant 
quantities,  independent  of  the  therraal/raechanical 
make-up  of  the  nominal  stresses. 

The  HPT  rotor  analyses  serves  as  an  example  of  the 
nature  and  complexity  of  the  various  analyses 
undertaken.  A  2-D  axis ymrae trie  finite  element 
analysis  of  the  entire  rotor  assembly  was  performed. 
The  results  supplemented  the  nominal  shell  analyses 
through  definition  of  fillet  Kts,  gradients,  and 
boundary  conditions  for  use  in  refined  Kt  models  of 
boltholes  and  dovetails.  In  an  effort  to  better 
define  the  Kts  and  stress  gradients  for  certain 
critical  features,  various  2-D  and  3-D  analyses  were 
conducted.  The  stage  1  aft  cooling  plate  and  the 
Inner  bolthole  region  of  the  stage  2  disk  were 
analyzed  in  3-D.  These  analyses  were  undertaken  in 
lieu  of  the  simplified  2-D  analyses  due  either  to 
geometry  complexity  (cooling  plate)  or  non-uniform 
loading  (bolthole)  making  concentrated  stress 
determination  difficult.  Boundary  conditions  for 
these  models  were  derived  from  the  axisymmetric 
analysis.  A  2-D  analysis  was  employed  in  defining 
dovetail  Kts  and  stress  gradients.  Figure  10 
depicts  some  of  the  HPT  models  employed. 


Figure  10  -  HPT  Finite  Element  Models 


As  previously  discussed  extensive  use  was  made  of 
finite  element  analysis  in  definir .  ..-e  stresses  and 
gradients  for  use  in  Task  IV.  An  accurate 
determinat ion  of  the  stress  state  is  fundamental  to 
assessing  a  component's  life  (LCF  or  crack  growtn). 
This  underlaying  hypothesis  provided  the  basis  for 
conducting  the  many  and  varied  analyses.  However, 
it  was  recognized  that  even  with  the  aid  of 
significantly  improved  pre  and  post  processors,  3-D 
analyses  continued  to  be  a  luxury.  Therefore,  every 
effort  was  made  to  curtail  the  extent  of  3-D  work  in 
an  effort  to  allow  sufficient  resources  for 
completing  more  rigorous  analyses  on  a  larger  group 
of  components/geometries.  To  supplement  the 
analysis  work  for  selected  locations,  verification 
activities  were  defined  and  initiated  for  certain 
high  stress  areas  and  included  the  following: 

o  3-D  Photoelastic  test  of  LPT  Stage  3-4  flange 
geometry.  Initiated  to  empirically  define  the 
synergistic  effect  of  two  mutually  exclusive  stress 
risers;  scallop  and  airslot.  The  te3t  model  was 
also  designed  to  provide  Kts  for  a  variety  of 
possible  flange  seal lop/airslot  reworks. 

o  Strain  gage  testing  of  the  LPT  Stage  4  disk. 
Initiated  to  provide  an  alternate  source  of 
verification  for  the  combined  effect  of  the  scallop 
and  airslot. 

o  Construction  of  a  3-D  finite  element  model 
for  a  "representative"  compressor  loading  slot.  The 
model  was  developed  during  the  course  of  the 
assessment;  however,  other  priorities  prohibited 
completion  of  the  stress  analysis,  A  residual  task 
was  defined  and  presented  for  follow-on  completion. 

o  Identification  of  the  fan  drive  shaft  for 
follow-on  analytical  and  empirical  stress 
environment  determination.  An  Engineering  Program 
aimed  at  refining  the  stress  3pectrum  was  defined. 


TASK  III  -  QUALITY  ASSESSMENT 


The  intent  of  this  task  was  to  establish  a  realistic 
flaw,  defect,  or  fatigue  crack  size  which  would  be 
utilized  in  subsequent  tasks  to  establish  Safety 
Inspection  Intervals  (SII's).  The  DADTA  efforts 
were  aimed  at  estaolishing  realistic  inspection 
intervals  such  that  if  a  flaw  of  a  barely 
non-detectable  size  was  present  in  the  worst 
location  it  would  not  have  sufficient  time  to 
propagate  to  failure  between  inspections,  part 
replacement  was  still  based  on  the  conventional  LCF 
or  durability  limit. 

Efforts  in  this  task  concentrated  on  two  separate 
areas : 

a.  Initial  Quality  Assessment  .  .  .  quality  of 
the  individual  components  as  they  left  the  factory. 

b.  Recurring  Quality  Assessment  .  .  .  defect 
detection  capability  as  the  components  proceed 
through  Depot  inspection. 

In  the  initial  quality  area  the  goals  of  this  task 
were  basically  two-fold:  (1)  to  establish  for  each 
critical  location,  the  maximum  flaw  (defect)  size 
which  could  go  undetected  as  the  part  passes  through 
production  inspection,  and  (2)  to  assess  the 
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likelihood  that  a  flaw  of  a  specii-c  type,  size, 
shape,  location,  and  orientation  exists  in  the 
material.  For  the  recurring  quality  aspect,  the 
intent  was  to  ascertain  <the  maximum  flaw  size 
possible  to  escape  detection  as  the  part  passes 
through  Depot  inspections. 

The  approach  taken  was  to  review  available  Non 
Destructive  Inspection  (NDI)  reliability  and 
capability  data  for  the  appropriate  environments,  i 
l.e.,  laboratory,  production,  field  and/or  depot. 

The  inspection  methods  of  interest  included 
ultrasonic,  eddy  current  (EC),  Fluorescent  Penetrant 
Inspection  (FPI),  magnetic  particle  and  visual.  In 
order  to  review  the  initial  hardware  quality, 
representative  components  from  the  major  rotating 
assemblies  were  selected  for  extensive  review  of 
their  respective  evolution  cycles.  Process  and 
engineering  drawings,  manufacturing  methods, 
in-process  inspections,  quality  controls  on  critical 
characteristics,  and  vendor  NDI/NDE  inspection 
results  were  reviewed.  Finally,  an  assessment  of 
the  Depot's  inspection  capability  was  undertaken  by 
team  members  with  the  assistance  of  NDI  advisors 
from  industry  and  government. 

In  general,  the  quality  of  TF31*  hardware  was 
assessed  to  be  good.  The  key  to  establishing 
consistently  good  initial  quality  was  to  develop  a 
sound  process  control  system,  qualify  it  and 
essentially  "freeze"  the  process  allowing  deviation 
only  with  expressed  approval  after  an  extensive 
review.  The  key  to  maintaining  quality  control  was 
through  periodic  audits  of  inplant  processes  as  well 
as  vendor  operations  to  assure  the  qualified  process 
was  being  followed. 

Quantitatively  the  distribution  of  initial  defects 
and  the  reliability  of  the  inspection  associated 
with  finding  these  defects  in  TF3*l  parts  could  not 
be  directly  ascertained.  The  data  required  to  make 
a  quantitative  assessment  simply  did  not  exist. 
Consequently,  Judgment  was  utilized  in  selecting 
flaw  sizes  for  use  in  the  crack  growth  calculations. 
This  Judgment  was  consistent  with  previously 
established  precedence.  In  order  to  quantify  the 
maximum  benefit  attainable  through  the  use  of 
enhanced  inspection  systems,  smaller  flaw  sizes  than 
can  realistically  be  found  by  FPI  were  selected  for 
initial  computations. 

As  to  recurring  quality,  the  team  determined  that  an 
upgrading  of  the  depot's  FPI  inspection  facility, 
while  augmenting  it  with  enhanced  inspection  systems 
(eddy  current,  ultrasonics,  etc),  was  necessary  to 
support  the  institution  of  the  assessment  team's 
Structural  Maintenance  Plan,  developed  under  Task 
VII. 


TASK  IV  -  LIFE  LIMITS  AND  INSPECTION  INTERVALS 


Introduction 

Life  limits  and  inspection  intervals  for  the 
critical  parts  identified  in  Task  I  were  established 
in  Task  IV.  The  results  of  Tasks  II— 1 1 1  efforts 
served  as  the  primary  source  of  input  to  these  life 
analyses.  Development  of  Baseline  Crack  Growth 
Material  Data  and  Configured  Specimen  Residual  Life 
Testing  were  Integral  parts  of  Task  IV  activities. 

In  addition,  component  empirical  crack  growth 


verification  testing  was  initiated  for  several 
critical  components.  Testing  was  conducted  through 
amplification  of  the  on-going  cyclic  endurance 
Whirligig  (atmospheric  spin  pit)  programs. 

Extensive  use  was  made  of  the  Contractor's  LCF  and 
crack  growth  analysis  programs. 

Refinements/ improvements  to  these  codes  and 
procedures  were  incorporated  as  needed  during  the 
course  of  the  assessment.  The  nature  and  extent  of 
analysis  activities  for  individual  components  were 
determined  based  upon  classification  category 
(Fracture  or  Durability  Critical).  Fatigue  and 
fracture  analyses  were  conducted  on  all  fracture 
critical  components.  Limited  fracture  studies 
undertaken  in  support  of  Task  VI  efforts 
supplemented  fatigue  analyses  for  durability 
critical  components. 

Component  Durability  and  Safety  Limits 

Residual  life  analyses  complemented  LCF  updates  for 
the  majority  of  components  considered  by  the 
Assessment  Team.  Selection  of  specific  component 
locations  was  accomplished  using  the  stress  analysis 
results  obtained  in  Task  II.  Revisions  to  the 
baseline  list  were  made  as  results  for  selected 
geometric  features  revealed  possible  defect 
sensitivity  in  other  areas.  In  total,  over  287 
analyses  inclusive  of  LCF  and  crack  growth  were 
conducted  on  the  turbomachinery  (fan,  compressor, 
high  and  low  pressure  turbines)  components. 

Consistent  with  the  established  Contractor's 
philosophy,  part  replacement  limits  were  arrived  at 
through  conventional  LCF  analyses.  However,  for 
certain  critical  components  where  the  LCF  life  was 
derived  using  generic  material  data,  operation 
beyond  the  lower  bound  predictions  was  considered. 
For  these  cases,  a  specific2  part  materials  program 
was  Identified  Tor  generating  the  data  required  to 
support  the  life  extension.  Continued  operation 
beyond  the  lower  bound  limit  was  predicated  on  the 
part  receiving  enhanced  (eddy  current)  inspections 
at  prescribed  Intervals. 

Consideration  was  also  given  to  adopting  a 
Retirement  for  Cause  (RFC)  approach  to  life 
management  for  components  exhibiting  a  reasonably 
long  crack  growth  life  but  less  than  desirable  LCF 
capability.  The  distinction  between  life  extension 
and  RFC  hinges  on  whether  the  LCF  life  Is 
anticipated  to  be  greater  than  the  8000  hour  goal. 

In  the  forme-  case,  a  realistic  projection  based 
upon  life  improvement  noted  in  generlc-to-speclflc 
part  LCF  comparisons  would  suggest  that  the  "actual" 
life  was  upwards  to  8000  hours.  For  RFC,  the 
anticipated  improvements  in  predicted  LCF  life  with 
specific  part  data  are  not  expected  to  reflect  the 
desired  LCF  capability.  Thus,  operating  beyond  this 
established  LCF  limit  was  considered.  A 
prerequisite  to  adopting  RFC  was  the  institution  of 
enhanced  inspections. 


1  Generic:  Comprised  of  multiple  sources  of  LCF 
data  compiled  from  various  commercial  and  military 
engine  components/ forgings. 

2  Specific:  LCF  material  data  generated  from  unique 
TF34-100  component  forgings. 
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Criteria 


As  previously  indicated,  two  related  but  separate 
criterion  .^re  employed  i\i  setting  structural 
limits.  The  first,  and  conventionally  recognized  as 
the  component's  replacement  interval,  is  the 
durability  or  LCF  limit.  Defined  as  "the  point  in 
time  where  it  is  more  prudent  to  replace  the  part 
than  to  continue  in  service"  the  LCF  limit  is 
traditionally  associated  with  time  to  crack 
initiation.  The  second  principle  and  normally 
thought  of  as  life  remaining  from  a  given  crack  size 
to  part  dysfunction  is  the  safety  limit.  Defined  as 
"the  time  beyond  which  the  risk  of  part  failure  Is 
considered  to  be  unacceptably  high"  the  safety  limit 
is  related  to  the  time  for  a  small  crack  like  flaw 
to  propagate  to  failure.  As  applied  to  the  baseline 
assessment  activities  this  life  was  used  In 
establishing  the  time  between  inspections  and  was  an 
adjust  to  the  durability  limit.  Figure  11 
graphically  depicts  the  criterion  as  discussed. 


Durability  Limit  (LCF) 

OwflnftkMV  •  That  Point  In  Tima  Whan  It  la  Prod lewd  Thai 
It  Will  Ba  Mora  Prudant  To  Raptaca  Part* 

C ma<ta:  •  LCF  Limit  la  Tha  Tima  To  mmata  A  1/33  Hi. 

Crack  With  A  Probability  Of  Occurranca  of  1/1000 
Action:  *  ftapiaea  Or  Inapact  Oapanding  On  Oamaga  Tafaranea 


Safety  Limit  (Damage  Tolerance) 

Dafinrtloo:  •  Tima  Bayond  Which  Tha  Rfafc  Of  Part  PaBurt  la 
Conaidarad  To  Ba  UnaccaptaMy  High  If 
Corractlva  Action*  Ara  Not  Takan 
Criteria:  •  Predict  Tima  for  Tha  Mu  ProbaMa  Initial  Flaw 

In  Any  High  Straw  Concentration  (With  Worat 
Ortantaflbn)  To  Grow  To  Critical  tiaa 
Action:  *  Inapact 


Figure  11  -  Durability  and  Safety  Limit  Criterion 

Embedded  flaw  residual  life  analyses  were  conducted 
for  every  bore  where  a  corresponding  surface  flaw 
analysis  was  performed.  A  probabilistic  approach  to 
assessing  the  intrinsic  defect  areas  was  adopted  in 
setting  the  initial  embedded  flaw  size.  The 
probabilistic  analysis  relies  on  the  ability  to 
statistically  treat  and  translate  the  defect 
distribution  as  determined  through  examination  of 
failed  fatigue  test  specimens,  to  actual  component 
hardware.  Volume  corrections  are  applied  to  account 


for  the  size  differences  between  material  test  bars 
and  actual  component  bore  geometries.  Residual  life 
analyses  for  the  derived  flaw  sizes  approached  the 
8000  hour  life  goal.  As  such  no  replacement 
intervals  were  driven  by  an  embedded  flaw  criterion. 

Amplifications  to  this  philosophy  inclusive  of  life 
extension  and  RFC  were  treated  on  a  case-by-case 
basis.  Task  VI  details  the  rationale  for  applying 
these  approaches  to  specific  components  and  lists 
the  conditions  under  which  adoption  of  such  an 
approach  was  practical. 

LCF  Life  and  Crack  Growth  Prediction  Procedures 

Task  II  described  the  basic  approach  used  in 
developing  the  stress  spectrums.  A  pagoda  rainfiow 
cycle  counting  algorithm  was  used  in  extracting  the 
stress  cycles  from  the  nine  individual  missions. 

Once  compiled  the  stress  cycles  were  modified  for 
differences  in  temperatures  between  the  minimum  and 
maximum  stress  points  and  corrected,  for  use  in  the 
LCF  analyses,  to  a  stress  ratio  of  A*1  using  the 
Walker  equivalent  stress  equation.  Minimum  LCF 

life  for  each  stress  excursion  was  determined  from  a 
log  life  interpolation  between  applicable 
temperature  load  or  strain  control  pseudo 
a t r e 8 s / strain  range  curves.  In  cases  where  specific 
part  LCF  data  was  unavailable,  a  "lover  bound"  limit 
was  developed  from  the  generic  data  base.  Once 
established,  the  minimum  life  for  each  stress  cycle 
within  the  mission  was  combined  using  Miner's  Rule'^ 
to  arrive  at  a  life  for  the  entire  mission. 

Life  derivations  for  each  of  the  nine  missions  were 
treated  in  a  similar  manner.  A.  composite  life, 
derived  through  a  weighted  mix  of  all  missions  for 
each  base  wa9  developed. 

Crack  growth  life  for  each  critical  geometric 
feature  were  derived  treating  the  same  stress 
spectrum  developed  for  the  LCF  analyses.  Since  the 
local  operating  stresses  in  most  life  limiting  areas 
exceeded  the  yield  strength,  emphasis  was  placed  on 
obtaining  the  true  stress  gradients.  Costs  and 
timing  prohibited  the  extensive  use  of 
elas tic-plastic  analyses  to  accurately  predict  local 
inelastic  material  response  for  the  multitude  of 
engine  components.  A  simplified  approximat ion  using 
the  Neuber  equation^)  wa9  adopted  to  estimate  the 
real  inelastic  behavior  of  stress  concentrations. 
Figure  12  depicts  the  results  of  an  assessment  of 
this  simplified  approximation. 


Figure  12  -  Comparative  Analysis  of  Plastic  Stress 
Correction  Methods 


Stress  intensity  factor  solutions  for  the  majority  represents  a  comparison  between  pre-Hcted  and 

of  flaws  treated  in  the  crack  growth  analyses  were  observed  residual  lives  for  the  entire  test  matrix, 

developed  using  either  influence  function  theory  or  As  shown,  nearly  all  results  fall  within  a  «-2x 

a  weight  function  method *to  account  for  complicated  scatter  band.  A  tendency  towards  conservatism  at 

loading  conditions.  A  specific  stress  Intensity  short  life  (high  stress)  and  nonconservati3m  at  long 

solution  for  the  fan  blade  pinhole  lug  was  developed  life  (low  stress)  is  apparent.  These  results 

using  information  supplied  by  the  Lockheed-Georgia  reflect  good  correlation  considering  the  extent  of 

Company  under  Air  Force  contract.  analyses  and  tests  conducted. 


The  type  of  flaw  analyzed  in  each  location  was 
determined  by  the  geometry,  stress  condition, 
manufacture  technique,  and  available  experience.  In 
order  to  encompass  improvements  in  detection  level 
through  enhanced  inspection  systems  (eddy  current, 
ultrasonic,  laser  mapping,  etc)  all  crack  growth 
analyses  were  started  from  a  crack  depth  of  .005 
inch.  For  locations  where  a  .005  inch  flaw  caused 
the  Initial  stress  intensity  to  be  below  the 
material  threshold,  the  crack  growth  analysis  would 
be  performed  with  a  large  enough  flaw  for 
propagation  to  occur.  Typically,  surface  flaws  with 
a  2:1  aspect  ratio  and  corner  flaws  with  a  1:1 
aspect  ratio  were  used  in  the  analyses. 

In  locations  such  as  flange  boltholes,  where 
cracking  of  the  small  ligament  associated  with  the 
primary  site  did  not  cause  failure,  a  crack  growth 
analysis  was  performed  on  the  secondary  site  using 
an  initial  0.005  inch  corner  flaw.  For  disk  bores 
which  are  susceptible  to  an  embedded  flaw  type  of 
defect,  the  initial  flaw  size  was  based  on  the 
ultrasonic  inspection  capability.  The  embedded  flaw 
residual  life  calculations  were  also  started  with  an 
0.005  inch  radius  penny  shaped  flaw  or  the  smallest 
size  which  would  propagate  under  the  DADTA  defined 
missions.  An  alternative  approach  using  a  fracture 
analysis  back  calculation  of  failed  fatigue  test 
specimens  was  investigated.  The  results  served  to 
define  the  initial  flaw  sizes  present  in  the 
material  based  upon  volrnne  and  operating  stress 
levels.  Using  this  technique,  a  statistical 
estimate  of  the  initial  flaw  distributions  was 
possible.  The  flaw  sizes  determined  by  this  method 
were  used  for  residual  life  studies  on  selected 
critical  bores. 

Residual  Life  Methodology  Verification/Development 

A  parallel  comprehensive  analytical  and  experimental 
residual  life  verification  program  was  undertaken  in 
support  of  the  analysis  performed  by  the  assessment 
team.  The  program  entailed  conducting  a  series  of 
analyses  and  laboratory  testing  on  configured 
specimens.  The  nature  and  extent  of  work  performed 
Included : 

o  Elastic-Plastic  Analyses 
o  Neuber  Analyses 
o  Crack  Propagation  Analyses 
o  Cyclic  Stress-Strain  Curve  Generation 
o  Crack  Growth  Testing  (Nickel  and  Titanium) 
o  He t a l lurgraphic  Examinations 


Configured  specimens  representing  typical 
turbomachinery  features  (l.e.,  boltholes,  rabbets, 
dovetails/ scallops,  bores)  were  employed  in 
verifying  the  analytical  methodologies  as  they  apply 
to  residual  life  assessments. 
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Figure  13  -  Comparison  of  Predicted  and  Observed 
Residual  Lives  for  Configured  Specimens 


Baseline  Crack  Growth  Test  Program 

In  an  effort  to  accurately  characterize  the  material 
response  for  the  TF34-100  components  an  extensive 
material  crack  growth  test  program  was  conducted. 

The  test  program  focused  on  defining  the  cyclic 
crack  growth  behavior  of  the  fracture  critical 
component  materials  (Inconel  718,  Ti  6-b  DSTA,  Ti 
6-U  Annealed,  and  Ti  8-1-1).  Variables  within  the 
test  matrix  included  temperature,  stress  ratio,  and 
tensile  hold  time  Variable  ranges  were  selected  to 
cover  engine  operating  conditions  while  providing 
sufficient  information  for  establishing  an 
Interpolative  model.  Table  1  summarizes  the  test 
matrix  for  each  of  the  different  materials 
characterized.  Where  appropriate,  data  from  prior 
crack  growth  testing  of  TF3«-100  unique  materials 
supplemented  the  results  obtained  from  the  baseline 
program.  The  surface  flawed  K„  bar  was  selected  as 
the  specimen  configuration  for  developing  the 
baseline  da/dn  vs  A  K  curves. 

Crack  Growth  Data  Reduction 

The  inferred  crack  depth  versus  accumulative  cycle 
data  were  reduced  to  cyclic  crack  growth  rate  by  the 
seven-point  sliding  polynomial  technique  recommended 
by  ASTM.  The  stress  intensity  formulation  consists 
of  an  elliptical  flaw  contained  in  an  infinite 
solid,  developed  by  Irwin,  with  appropriate 
modifications  for  specimen  geometric  features.  The 
modified  stress  intensity  solution  in  the  crack 
depth  direction  is  given  by: 


The  primary  conclusion  reached  from  the  Verification 
efforts  was  that  the  residual  life  prediction 
methodology  is  a  viable  approach.  Figure  13 
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where,  FI,  F2,  F3  and  F4  are  correction  factors 
which  account  for  front  surface,  back  surface,  loss 


Table  1  -  Continuously  Cycled  Crack  Growth  Rata 
vs  Stress  Intensity  Data 
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of  load  bearing  area,  and  plastic  zone.  <t> 
represents  the  elliptical  integral. 

The  sigmoidal  equation  was  utilized  for  fitting  a 
functional  relationship  to  the  da/dn  vs  A  K  data. 
The  form  of  the  equation  is  presented  below: 


AK1,  and  ^Kc  represent  the  threshold  and 
critical  stress  Intensity  ranges  respectively. 

Stress  ratio  influences  were  treated  using  the 
Walker  equation. Figure  14  contains  a  typical 
sigmoidal  curve  fit  to  a  set  of  corrected  data. 

Time  Dependent  Effects 

Crack  growth  testing  inclusive  cf  a  hold  period  at 
max  tensile  load  was  conducted  to  determine  the  time 
dependent  effects  on  Inconel  718.  Testing  was 
performed  at  various  temperatures  and  hold  times  in 
order  to  establish  the  temperature-dwell  time 
dependency.  Table  2  contains  a  summary  of  the 
nature  and  extent  of  test  conditions  considered.  As 
.  a  sinale  hold  time  test  was  conducted  on  Tl 
6-4  DSTA.  The  results  revealed  that  hold  time 
effects  at  these  conditions  do  not  exist.  As  for 
Inconel  7 1 8 ,  time  dependent  effects  were  observed  at 
all  three  temperature  conditions.  Varying  degrees 
of  dependency  ranging  from  insignificant  to  tenfold 
were  evident.  At  1000°F,  the  reduction  in  residual 
life  was  independent  of  starting  crack  size  whereas 
at  1100°F  and  1200°F  the  starting  crack  size  played 
a  major  role  in  the  resulting  reduction  factor.  The 
factor  was  shown  to  increase  with  increasing  crack 
length. 


In  order  to  utilize  the  test  results,  a  procedure 
was  developed  to  handLe  the  time  dependent  effects. 

A  cross  plot  of  the  residual  life  reduction  factor 
vs  tensile  hold  time,  on  a  log-log  scale  resulted  in 
a  linear  relationship  being  obtained.  This 
relationship  wa3  employed  in  establishing  a 
functional  reduction  factor  for  different  hold  times 
and  temperatures .  The  resulting  factor  was 
indirectly  applied  to  the  residual  life  via  a 
modification  to  the  vertical  translation 
coefficient,  B,  in  the  sigmoidal  equation.  This 
approach  provided  a  simplified  means  of  accounting 
for  hold  time  effects.  Further  work  is  considered 
necessary  to  qualitatively  and  quantitatively 
determine  the  limitations  of  such  an  approach. 


EQUIVALENT  STRESS  INTENSITY.  AKEQ.  *Sl  i/Tn 

Figure  14  -  Cyclic  Crack  Growth  Rate  versus 
Equivalent  Stress  Intensity  for  Ti  6-4  DSTA 
at  Room  Temperature 


Table  2  -  Hold  Time  Crack  Growth  Rate  vs  Stress 
Intensity  Data 
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Component  Empirical  Crack  Growth  Verification 

As  an  adjunct  to  the  cyclic  endurance  whirligig 
testing  for  the  major  assemblies;  Fan,  Compressor, 
High  Pressure  Turbine  and  Low  Pressure  Turbine, 
crack  propagation  data  generation  was  initiated  for 
several  critical  geometric  features.  The  approach 
consisted  of  monitoring  crack  growth  from  either 
cyclic  induced  (natural  LCF)  or  fabrication  (EDM 
notch)  cracks  in  the  selected  geometric  details  as 
listed  below: 

o  Fan  disk  and  blade  pinhole 

o  Compressor  disk  dovetails 

o  Compressor  snaft  and  spool  boltholes 

o  HPT  disk  boltholes 

o  LPT  disk  and  seal  scallops  and  boltholes 

Results  obtained  on  the  fan  disk  and  blade  pinholes 
reflected  good  agreement  between  the  analysis  and 
empirical  results.  Post  mortem  analyses  of  the 
fracture  surfaces  were  conducted  for  ascertaining 
the  crack  front  shape.  This  information  was 
employed  in  back  predicting  the  crack  growth  once  a 
precise  definition  of  the  Initial  crack  geometry  was 
established . 

The  test  data  generated  from  the  Baseline  program 
provided  the  necessary  information  for  developing  a 
strong  interpolative  da/dn  vs  Ak  model.  With  the 
exception  of  time  dependent  behavior,  good  agreement 
was  obtained  between  the  empirically  based  model  and 
actual  test  results.  The  hold  time  data  provided  a 
unique  situation  relative  to  the  treatment  and 
application  of  the  results.  The  most  significant 
conclusion  reached  after  an  exhaustive  review  of  the 
hold  time  data  was  that  every  attempt  should  be  made 
to  keep  the  stress  intensity  of  an  inspectabe  flaw 
below  threshold  when  operating  above  1100°F. 

Finally,  the  sigmoidal  relationships  as  developed  in 
the  Baseline  program  provided  the  material 
foundation  upon  which  all  residual  life  analyses 
undertaken  in  Task  IV  were  based. 


TASK  V  -  SENSITIVITY  STUDIES 


Introduction 

While  conducting  the  various  analyses  associated 
with  Tasks  II  and  IV  a  series  of  sensitivity  studies 
were  undertaken.  These  studies  provided  the 
information  necessary  to  ascertain  the  influence  of 
different  variables/analysis  techniques  on  component 
life.  A  summary  of  the  specific  topics  and  task(s) 
which  they  support  is  listed  below: 
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Partial  Cycle  Sequencing 

A  study  aimed  at  determining  the  sensitivity  of 
stress  spectrum  development  to  partial  cycle  (Type 
I,  II  and  ill)  sequencing  was  conducted.  The  study, 
prompted  by  the  DADTA  team's  quasi-random  ordering 
of  partial  cycles  within  a  mission,  consisted  of 
arbitrarily  repositioning  the  cycles  within  a 
baseline  mission  and  performing  stress  and  LCF  life 
analyses.  Three  thermally  sensitive  components  were 
analyzed  to  both  cycle  sequences.  A  review  of  the 
results  revealed  less  than  a  5A  variation  In 
predicted  LCF  life.  Therefore,  the  original 
baseline  missions,  as  presented  in  Task  II,  were 
utilized  for  all  stress  and  life  analyses. 

COMALL  Validity  Assessment 

To  establish  confidence  in  the  Complex  Mission 
Analysis  for  LCF  Life  (COMALL)  program  a 
comprehensive  comparative  3tudy  wa3  conducted.  The 
study,  structured  to  determine  the  accuracy  of  the 
transient  thermal  stress  calculation  algorithm, 
consisted  of  performing  back-to-baok  stress/life 
analyses.  Discrete  stress  analyses  were  conducted 
at  selected  time  steps  encompassing  both  sides  of 
the  COMALL  V  predicted  extremums.  The  discrete  step 
results,  combined  with  appropriate  material  curves, 
pro  'Jed  the  basis  for  direct  comparison  to  COMALL  V 
LCF  life  predictions.  The  assessment  served  to 
indicate  that  although  exact  agreement  was  not 
obtained,  sufficient  accuracy  was  determined  tb 
exist  to  Justify  the  use  of  the  CCMALL  program  for 
the  bulk  of  the  stress/life  analysis  work. 

Influence  of  Initial  Flaw  Size  on  Partial  Cycle 
Damage 

A  study  was  undertaken  to  establish  the  sensitivity 
of  residual  life  partial  cycle  damage  ratios  (K 
factors)  to  the  assumed  initial  flaw  size.  The 
3tudy  concentrated  on  defining  the  relative  damage 
of  the  Type  I,  II  and  III  cycles  as  a  function  of 
the  assumed  initial  flaw  size.  The  results  of  a 
residual  life  analysis  on  the  fan  disk  pinhole 
revealed  that  a  10J  difference  In  effective  damage 
(Type  I,  II  and  III  cycles  combined)  occurred 
between  the  two  Initial  flaw  sizes  (.005"  and  .015") 
considered . 

This  difference  is  attributed  to  the  effect  of  a 
threshold  Ak  regime  on  crack  growth  for  the  smaller 
K's  of  the  partial  cycles.  As  the  Initial  flaw  size 
is  decreased  the  calculated  Al’s  for  the  partial 
cycles  approach  the  threshold  region  and  their 
contribution  to  total  crack  growth  becomes 
proportionally  less. 

With  the  majority  of  initial  inspection  intervals 
established  from  a  0.015"  defect,  adoption  of  the 
corresponding  K  factor  was  considered  appropriate. 
For  locations  where  either  the  initial  or  recurring 
flaw  size  is  le3s  than  0.015"  the  K  factor,  as 
developed  from  the  0.015"  case  was  employed.  This 
Is  conservative  since  the  relative  damage,  KEFF,  Is 
greater  for  the  larger  defect  size. 

Miner's  Rule-Complex  Cycle  Residual  Life  Study 

The  potential  error  introduced  by  combining  the 
residual  life  capabilities  of  different  partial 
cycles  using  Miner's  Rule  was  investigated.  A  study 
comparing  the  simple  cycle  Miner's  Rule  summation 
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crack  growth  life  calculation  to  the  complex  mission 
approach  ( cycle-by-cyole)  revealed  less  than  a  four 
percent  difference  between  the  two  methods  for  the 
fan  disk  pinhole.  As  expected  Miner’s  Rule  provided 
slightly  longer  predicted  lives.  Both  approaches 
were  therefore  considered  Interchangeable  provided 
care  was  exercised  when  performing  analyses  using 
the  simple  cycle  technique  to  assure  that  the 
partial  cycle  was  above  Ak  threshold.  The 
majority  of  locations  analyzed  employed  the  more 
rigorous  cycle-by-cycle  approach. 


Table  4  -  Influence  of  Inert  Atmosphere  on  Embedded 
Flaw  Crack  Growth 


cawwmon 
src  *mm 
lie  M  MM  *MOt 
SIS  ’«  ao*  ««•) 


Crack  Growth  Retardation  Study 


In  order  to  obtain  the  life  benef its/safety  margin® 
possible  through  the  consideration  of  retardation  a 
series  of  residual  life  studies  were  conducted.  The 
Willenborg  model modified  with  an  appropriate 
empirical  material  factor,  was  employed  in  the 
retardation  studies.  Table  3  lists  a  summary  of 
results  obtained  for  selected  critical  components. 

As  anticipated,  minimal  benefit  was  obtained  for  the 
stage  2  and  3  dovetails,  where  the  maximum  stresses 
from  the  partial  and  major  cycles  were  nearly  equal. 
The  tabulated  values  represent  composite  residual 
lives  derived  from  a  weighted  average  of  individual 
base-mission  analyses. 

Although  crack  growth  retardation  is  known  to  be 
dependent  upon  mission  cycle  sequencing  no  effort 
was  made  to  interrelate  the  various  missions  prior 
to  conducting  the  analyses.  Therefore,  the  numbers 
presented  were  taken  to  represent  possible  " levels 
of  improvement"  gained  through  retardation. 

Table  3  -  Effects  of  Retardation  for  Critical 
Components 
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Influence  of  Inert  Atmosphere  on  Crack  Growth 


The  baseline  residual  life  analyses  for  embedded 
flaws  were  performed  using  da/d n  data  generated  in 
laboratory  air  environment.  To  assess  the  influence 
of  an  inert  environment  on  embedded  flaw  crack 
growth,  estimated  curves  were  derived  from  the 
baseline  air  data.  The  basis  for  the  estimated 
curves  was  a  review  of  available  inert  and  air 
environment  da/d n  curves  for  similar  materials. 
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defect  eize  of  1700  sq  mile  wee  selected  for  these 
studies.  Predicted  improvements  in  residual  life 
range  from  less  than  15Z  to  greater  than  530X 
depending  upon  location  and  conditions  treated. 

Theae  results  were  indirectly  employed  in  the 
development  of  the  Task  VI  intervals  and  replacement 
times . 

Sensitivity  of  Residual  Life  to  Initial  Flaw  Shape 
(Aspect  Ratio) 

At  the  outset  of  the  assessment  program  Initial  flaw 
geometries  were  established  based  primarily  upon 
past  experience.  However  during  the  course  of  the 
assessment,  interest  was  expressed  in  determining 
the  relative  influence  of  flaw  geometry  (aspect 
ratio)  on  residual  life.  As  such,  a  study  aimed  at 
determining  the  sensitivity  of  residual  life  to  the 
initial  flaw  geometry  was  initiated.  Table  5 
presents  the  results  from  a  study  where  two 
different  aspect  ratios  (2:'  and  3:1)  were 
considered.  As  is  apparent  from  the  summary  a 
significant  difference  in  residual  life,  upwards  to 
25*  can  be  expected  for  reasonably  possible 
variations  in  the  initial  defect  geometry.  The  more 
conservative  value  of  2:1  was  selected  for  use  on 
all  baseline  crack  growth  analyses. 


Table  5  -  Dependency  of  Residual  Life  on  Initial 
Flaw  Aspect  Ratio 
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Table  4  contains  the  results  of  residual  life 
analyses  conducted  on  disk  bores  of  the  fan, 
compressor,  and  turbine  assemblies.  As  shown, 
results  have  been  compiled  for  a  variety  of  analyses 
(baseline,  retarded,  Inert,  and  inert  ♦  retarded) 
performed  on  the  different  locations.  A  reference 


TASK  VI  -  MODIFICATION/REWORK  OPTION  STUDY 


development  of  the  Force  Structural  Maintenance  Plan 
is  presented  below. 


In  an  effort  to  extend  the  safe  utilization  of  the 
durability  and  fracture  critical  components  to  8000 
hours,  various  modi  float  ion/rework  studies  were 
undertaken.  All  parts  were  screened  to  determine 
the  life  limiting  characteristics  and  possible 
resources  for  extending  or  enhancing  the  durability 
and/or  safety  inspection  limits.  Different  options 
were  considered  and  a  preferred  option  selected 
based  upon  the  following  criteria. 

o  Life  cycle  cost  benefits 

o  Difficulty  of  introduction  at  depot  facility 

o  Potential  enhancement  and  risk  factor 

Methods  for  extending  the  useful  service  life  of  18 
critical  components  upwards  to  8000  hours  were 
defined  and  grouped  into  three  categories:  rework, 
life  extension,  and  RFC.  Reworks  included  bushing 
of  pinholes,  overstressing  through  cold  working  or 
overspeeding,  and  reduced  stress  concentration  by 
increased  radius  of  geometric  discontinuities. 

Component  life  extension  through  controlled 
operation  beyond  the  "lower  bound"  LCF  life  was 
recommended  in  situations  where  historical  data  for 
the  particular  material  suggested  that  a  significant 
improvement  in  LCF  life  could  be  realized  through 
use  of  specific  part  data.  A  further  prerequisite 
for  adopting  the  life  extension  option  was  a 
relatively  long  residual  life  capability  for  the 
prescribed  limiting  location(s).  The  selection  of 
this  approach  to  life  management  while  working  to 
develop  specific  part  LCF  data  required  institution 
of  enhanced  depot  inspections. 

The  RFC  option  was  recommended  for  components  where 
the  LCF  Life  developed  using  specific  part  data  was 
le3S  than  the  desired  8000  hour  goal.  A 
corresponding  high  crack  growth  capability  was 
necessary  prior  to  considering  RFC  a  viable  option. 
As  with  life  extension,  incorporation  of  enhanced 
inspections  for  the  critical  features  was  a 
prerequisite  for  implementing  an  RFC  approach  to 
life  management. 

TASK  VII  -  FORCE  STRUCTURAL  MAINTENANCE  PLAN 


Introduct ion 

This  task  served  to  integrate  the  results  of  Tasks 
IV-VI  into  an  overall  maintenance  plan  for  the 
TF54-100.  Contained  within  tne  plan  is  the  specific 
scheduled  maintenance  requirements  inclusive  of 
component  inspection  and  replacement  intervals. 

Where  appropriate  a  progressive  program  was  defined 
to  reflect  anticipated  revisions  to  the  plan.  These 
revisions  are  expected  a3  results  from 
planned/on-going  activities  (stress  refinements, 
specific  part  material  data,  component  residual  life 
testing,  etc)  become  available.  The  unscheduled  and 
opportunistic  maintenance  items  were  indirectly 
treated  in  definition  of  windows  on  the  scheduled 
intervals.  The  final  version  of  the  Force 
Structural  Maintenance  Plan  inclusive  of  all 
scneduled  and  unscheduled  maintenance  activities  was 
established  through  the  efforts  of  the  Maintenance 
Planning  Group  fMPG). 

A  summary  of  the  specif:.  :  items  addressed  in  the 


o  Life  Assignment  Methodol  ogy  •"'.r  i  ►er  ia 
o  Proposed  Life  Limits  and  Inspection  Intervals 
o  Inspection  Requirements 
o  Progressive  Life  Growth  Plan 
o  Structural  Maintenance  Plan  Levelopment 
o  Life  Tracking  System 

Life  Assignment  Methodology/Criteria 

Life  Holts  and  inspection  intervals  for  the 
fracture  and  durability  critical  components  were 
established  with  the  following  guidelines. 

Component  replacement  was  based  upon  the 
conventional  LCF  life.  Both  generic  strain 
controlled  and  generic  load  controlled  LCF  data  were 
used  .in  establishing  the  life,  the  lower  of  which 
established  the  "lower  bound”  limit.  Due  to  the 
nature  of  the  data  base  this  "lower  bound"  value  was 
considered  a  v*orst  case  minimum  LCF  life.  In 
situations  where  the  "lower  bound”  limit  reflected 
less  than  desired  life  a  specific  part  material 
program  was  identified.  As  an  interim  measure  the 
generic  load  controlled  results  were  used  in 
conjunction  with  the  generic  strain  control  limits 
to  arrive  at  a  recommended  minimum  LCF  Life  for 
field  application.  Therefore,  continued  operation 
beyond  the  "lower  bound”  LCF  limit  was  considered  an 
interim  measure  while  specific  part  data  was 
generated.  As  discussed  in  Task  FV  embedded  flaw 
residual  lives  using  a  probabilistic  based  initial 
defect  size  results  in  lives  (1/10000)  beyond  the 
8000  hour  goal.  Therefore,  all  replacement 
intervals  reflected  LCF  limits. 

Fracture  critical  component  safety  inspection 
intervals  were  arrived  at  using  the  results  from  the 
residual  life  analyses  previously  discussed  in  Task 
IV.  The  assigned  interval  was  initially  established 
treating  a  0.015"  deep  flaw.  For  locations  where 
the  assumption  failed  to  provide  a  reasonable 
inspection  interval  consistent  with  the  majority  of 
components  in  the  major  assembly,  an  assumed  initial 
flaw  downwards  to  0.005"  in  depth  was  considered. 

An  enhanced  (eddy  current)  inspection  requirement 
was  identified  for  any  area  where  a  small  flaw 
(  C  .015")  assumption  was  employed  in  defining  the 
interval.  Additionally,  for  critical  areas  where 
visual  detection  of  a  0.015"  flaw  was  hindered  due 
to  the  geometric  complexity  of  the  feature  or 
compromised  by  high  residual  stress  levels,  an  eddy 
current  inspection  was  established. 

In  defining  the  recommended  safety  and  durability 
limits,  consideration  was  given  tc  all  aspects  of 
the  analytical  and  empirical  base  upon  which  they 
were  derived.  Particularly,  results  from  the 
sensitivity  studies,  factory  and  field  experience, 
empirical  verification  efforts,  and  material  data 
sources  served  to  provide  varying  degrees  of 
flexibility  in  assignment  of  life  limits. 

Proposed  Life  Limits  and  Inspection  Intervals 

The  maintenance  philosophy  developed  for  the 
TF34-100  contains  an  integration  of  the  ‘.wo  criteria 
discussed  above.  The  durability  limit  ’-epresents 
the  point  in  time  when  the  part  is  retired  from 
service.  As  previously  stated,  operation  beyond  tne 
"lower  bound"  Limit  was  recommended  for  selected 
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components  as  a  means  of  life  extension  while 
specific  part  material  data  was  generated.  A 
projection  of  the  expected  improvement  in  the 
durability  limit  when  using  specific  part  LCF  data 
was  performed  to  aid  in  piece-part  provisioning. 

The  safety  inspections  as  derived  from  tne  fracture 
analyses  supplemented  the  durability  limits.  These 
inspections  are  instituted  when  the  component  enters 
service  and  serve  to  insure  structural  integrity  of 
the  fracture  critical  components.  Figure  15 
illustrates  the  methods  by  which  these  two  elements 
interact.  As  shown,  if  operation  beyond  the 
durability  limit  was  desired  a  reduction  in  the 
inspection  interval  was  required.  Where  life 
extension  beyond  the  "lower  bound"  durability  limit 
was  proposed  a  corresponding  reduction  in  the 
inspection  interval  and/or  the  iden tification  of  an 
eddy  current  inspection  requirement  was  defined. 


COMPONENT  STRUCTURAL  MAINTENANCE  PHILOSOPHY 
DURABILITY  L.MIT  SAFETY  LIMIT 

■CONVENTIONAL  REPLACEMENT  INTERVAL"  ‘INSPECTION  INTERVAL" 


COMPONENT  LCF  (CRACK  INITIATION) 
life  NORMALLY  ASSOCIATED  WITH 
I,  I  COO  probability  of  occurrence. 


CRACK  PROPAGATION  LIFE 
FORM  INITIAL  FLAW.  EITHER 
PREEXISTING  OR  SERVICE 
INOUCED. 


V  _  J 

^STRUCTURAL  MAINTENANCE  PLA N  ) 


S.l.l.  SAFETY 
INSPECTION  INTERVAL 


REPLACE 

OR 

INSPECT 


U  ^ 

*  * 

^  $  g 


Figure  15  -  Elements  of  Structural  Maintenance 
Development 


A3  alluded  to,  the  recommendeJ  component  inspection 
and  replacement  intervals  as  defined  through  the 
assessment  team's  activities  represented  the 
proposed  scheduled  maintenance  plan  for  the 
TF34-100.  However,  for  those  areas  where  the 
recominmended  inspection/replacement  intervals  were 
less  than  the  desired  goals,  a  follow-on  life 
enhancement  program  was  identified .  Normally  these 
programs  contained  specific  part  material 
characterization  and  were  aimed  at  extending  the 
durability  or  replacement  limits. 

Structural  Maintenance  Plan  Development 

Development  of  the  Structural  Maintenance  Plan 
served  to  culminate  the  efforts  completed  in  Task3 
IV-VI.  A  multi-faceted  approach  was  defined  for 
establishing  the  recommended  life  limits,  depot 
return  intervals,  and  field/depot  inspections.  The 
essential  ingredients  included: 

o  Durability  and  safety  limits  as  defined 
through  analysis  and  testing. 

o  Definition  of  variability  in  Life  limits  due 
to  material  data  base  and  assumptions  employed  in 
establishing  the  limits. 

o  Planned/on-going  activities  that  were  likely 
to  influence  the  particular  limits. 

o  Demonstrated  sensitivity  of  primary 
components  to  cracks  in  critical  features. 

o  Supportabii i ty  picture  in  terms  of  manpower, 
facilities,  and  piece  part  requirements. 

A  set  of  life  goals  consistent  with  the  Component 
Improvement  Program' s  charter  were  adopted  when 
determining  the  extent  of  follow-on  efforts 
required.  Locations  where  the  existing  life  was 
derived  from  generic  LCF  data  a  specific  part 
program  was  defined  and  incorporated  into  the  Life 
Management  progran.  The  individual  results  were 
integrated,  taking  into  account  existing  field  and 
depot  maintenance  items.  Into  a  major  assembly 
depot/field  maintenance  plan.  Figure  16  illustrates 
the  resulting  Maintenance  Plan,  by  assembly, 
proposed  for  the  TF34-100. 


Inspection  Requirements 

The  basis  for  selecting  particular  inspection 
methods  was  briefly  described  In  the  aforementioned 
paragraphs.  Table  6  summarizes  the  nature  3nd 
extent  of  the  inspections  defined  for  the  critical 
components.  As  noted,  implementation  of  eddy 
current  Inspections  at  production  was  not 
recommended.  With  TF34-1CO  production  nearly 
complete  minimal  benefit  could  be  derived  in 
equipping  production  for  enhanced  inspections. 

Where  required,  spare  parts  forwarded  to  depot  were 
inspected  prior  to  installation. 

Table  6  -  Summary  of  Inspections  for  CriticaL 
Components 
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Figure  1b  -  Scheduled  Depot  and  Field  Inspecticn 
Maintenance  Plan 


In  the  final  in.ilysis  a  Maintenance  Plan  cpt  icu d->d 
on  relative  Impact,  cost,  and  safety  w33  defined  - 
the  TF34-100/A-10  weapon  system.  The  plan  as 
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developed,  served  as  the  starting  point  upon  which  a 
more  comprehensive  program  continued  to  evolve. 

% 

Life  Trackl ng  System 

With  the  current  life  tracking  system  (Engine  Time 
Temperature  Recorder  at  engine  level,  MIMICS  at  base 
level  and  G337  at  depot  level)  capable  of 
recognizing  limits  based  upon  either  cycles  or 
engine  operating  hours  an  either/or  criteria  was 
established  for  tracking  the  inspection  intervals. 
Rather  than  assigning  a  discrete  inspection  limit  to 
each  component  a  grouping  according  to  major 
assembly  was  considered.  An  inspection  limit 
(cycle/hours)  associated  with  the  most  limiting 
(safety  limit)  component  within  an  assembly  was 
assigned  to  the  assembly.  Exceedance  of  either 
limit  was  cause  for  module  removal  and  return  to 
depot  for  Inspection. 

Replacement/refurbishment  intervals  will  continue  to 
be  tracked  on  an  individual  component  basis. 
Durability  limits  as  prescribed  in  Task  VII,  coupled 
with  corresponding  K  factors,  served  to  control  part 
replacement.  Optimum  inspection/replacemen t  windows 
are  dependent  upon  other  logistic  factors  and  were 
treated  as  part  of  the  Maintenance  Planning  Group 
(MPG)  activities. 


TASK  VIII  -  IMPLEMENTATION  ACTIONS 


Effort  associated  with  this  task  focused  on  defining 
the  actions  and  organizations  responsible  for 
implementing  the  DADTA"  s  recommended  Force 
Structural  Maintenance  Plan.  In  addition,  tasks 
necessary  to  support  the  Life  Growth  Plan  developed 
in  Task  VII  were  defined  for  inclusion  into  the 
on-going  Component  Improvement  Program.  A  strong 
commitment  by  the  contractor,  depot  and  DADTA  team 
personnel  was  essential  to  the  successful  and  timely 
execution  of  the  implementation  action  plan. 


SUMMARY 


The  TF34-100  Durability  and  Damage  Tolerance 
Assessment  activities  culminated  in  a  comprehensive 
Force  Structural  Maintenance  Plan  that  identified 
both  current  and  future  maintenance  actions 
necessary  for  insuring  maximum  flight  safety  of  the 
TF34-100/A-10  weapon  system.  The  plan  contained 
component  inspection  intervals,  replacement  times, 
inspection  systems,  preferred  modi f icat ions/reworks , 
and  definition  of  a  Life  growth  plan  for  extending 
the  useful  life  upwards  to  8000  hours.  A  Life  Cycle 
Cost  (LCC)  analysis  of  the  assessment’s  recommended 
preferred  options  reflected  sizable  monetary  savings 
through  adoption  of  the  proposed 
inspect  ion/ replacement  schedules  for  the  various 
components.  Although  philosophically  different  from 
the  Life  Management  pLan  in  place  at  the  outset  of 
the  assessment,  with  the  inclusion  of  a  fracture 
mechanics  based  inspection  criteria,  the  essential 
elements  of  the  plan  are  consistent  with  the  overall 
goal  of  obtaining  the  maximum  affordable  operational 
safety  possible. 


analyses  served  to  identify  locations  which  were 
particularly  sensitive  to  LCF  generated,  intrinsic, 
or  induced  (handling,  machining,  etc.)  flaws.  As 
such,  upgraded  and  enhanced  inspections  were  defined 
and  recommended  for  these  areas.  An  extensive  and 
aggressive  program  was  defined  and  executed  for  the 
implementation  of  improved  FPI  and  eddy  current 
inspections  at  depot.  The  full  support  of  the  Navy 
(direct  depot  responsibility),  Air  Force,  and  the 
Contractor  was  required  for  implementation  to  follow 
a  timely  course. 

The  TF34-100  Structural  Assessment  provided  further 
insight  into  the  structural  requirements  necessary 
for  ensuring  maximum  flight  safety.  It  marks  the 
second  engine  in  the  Air  Force  inventory  to  receive 
an  assessment  of  this  type.  The  assessment 
continues  to  demonstrate  the  applicability  of  a 
Damage  Tolerance  criteria  to  the  life  management  of 
engine  components.  The  uncertainties  related  to 
component  life,  operational  environment,  and 
manufacturing  variations  highlights  the  importance 
of  establishing  safety  Inspections  on  the  ciicic.il 
parts.  The  underlying  philosophy  is  one  of 
Prevention  rather  than  Reaction.  Growth  of  this 
concept  is  strengthened  with  the  successful 
completion  and  demonstration  of  the  benefits, 
vis-a-vis  F100  and  TF34  experience.  It  is  an 
approach  which  is  rapidly  taking  hold  in  the  design 
stage  of  new  engines,  as  apparent  from  the 
incorporation  of  Damage  Tolerance  requirements  in 
the  Engine  Structural  Integrity  Program  (ENStP) 
specification.  The  specification  mandating  this 
design  methodology  was  put  in  force  on  the  45th 
anniversary  (1984)  of  the  first  gas  turbine  engine 
powered  flight.  The  influence  of  this  specification 
is  already  apparent  in  the  design  of  the  Next 
Generation  Trainer  ( NGT )  and  Advanced  Tactical 
Fighter  ( ATF )  engines.  The  NGT  and  ATF  engines  will 
constitute  the  first  structural  designs  to  fully 
comply  with  the  damage  tolerance  design  approach  set 
forth  in  the  Air  Force's  ENSIP  Mil  Standard  1783. 

As  with  the  Structural  Assessments  they  are  not 
destined  to  be  the  last. 
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The  nature  and  extent  of  analysis  efforts  which  were 
undertaken  was  unprecedented  for  the  TF34-100.  The 
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RESIDUAL  STRESS _ 

Beneficial  residual  stress  from  local  yielding  retards 
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PROOF  TEST  CONCEPT _ 

Cryogenic  proof  test  accomplishes  two  things 
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FAN  CRYOGENIC  TEST  BENEFITS/SAVINGS 


SUBSTANTIATION  PROGRAM _ 

Extensive  analyses  and  tests  conducted  (1979-1983) 
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FIELD  DAMAGED  1ST  FAN  DISK 

Damage  did  not  act  like  cracks 
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CHART  18  -  CRYOGENIC  SPIN  TEST  PIT  (continued) 
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CHART  24  -  BAR  CHART  2ND  STAGE  DISK/CYCLE  RANGE  VS  NO.  Of  BURSTS 
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CRYOGENIC  SPIN  TEST 

Results  (05/84  -  09/25/87 ) 
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ABSTRACT 


Retirement  for  Cause  (RFC)  is  a  life  cycle  management  procedure  for  gas  turbine 
engine  components,  such  as  fan,  compressor  and  turbine  disks.  The  procedure 
enables  full  use  of  the  safe  life  inherent  in  each  component,  as  opposed  to 
arbitrary  retirement  from  service  of  all  components  at  a  calculated  low  cycle 
fatigue  life.  Historically,  these  components  have  been  retired  at  the 
accumulated  time  (or  cycles)  where  the  first  fatigue  crack  in  1000  identical 
components,  all  used  in  an  identical  manner,  could  be  expected  to  occur.  By 
definition  then,  99.9%  of  these  components  were  being  retired  prematurely, 
while  they  still  may  have  had  useful  life  remaining.  The  Retirement  for  Cause 
approach  is  based  on  fracture  mechanics  and  nondestructive  evaluation,  and  is 
evaluated  economically.  The  U.S.  Air  Force  recognized  the  potential  of  this 
approach  for  maintenance/life  cycle  cost  savings  and  began  development  programs 
in  the  late  1970's  and  early  1980's  to  reduce  the  RFC  concept  to  practice. 

Those  programs  have  been  successfully  completed.  This  paper  discusses  the 
development  and  integration  of  the  methodology,  its  implementation  for  23  USAF 
F100  engine  components  by  the  San  Antonio  Air  Logistics  Center,  and  its 
economic  and  other  benefits. 


Retirement  for  Cause  Methodoloc 


The  methods  used  for  predicting  the  life  of  gas  turbine  engine  rotor  components 
have  historically  resulted  in  a  conservative  estimate  of  useful  life.  Most 
rotor  components  are  life-limited  by  low  cycle  fatigue  (LCF)  generally 
expressed  in  terms  of  mission  equivalency  cycles  or  engine  operational  hours. 
When  some  predetermined  life  limit  was  reached,  used  components  were  retired 
from  service  and  replaced  with  new  components. 


The  fatigue  process  for  a  typical  rotor  component  such  as  a  disk  can  be 
visualized  as  illustrated  in  Figure  1.  Total  fatigue  life  consists  of  a  crack 
initiation  phase  followed  by  growth  and  linkup  of  microcracks.  The  resulting 
microcrack(s)  would  then  propagate  subcritically  until  the  combination  of 
service  load  (stress)  and  crack  size  exceeded  the  material  fracture  toughness. 
Catastrophic  failure  would  ultimately  result  had  not  the  component  been  retired 
from  service.  To  preclude  such  failures,  disks  have  typically  been  retired  at 
the  time  when  1  in  1000  would  be  predicted  to  have  initiated  a  short  (.030 
inch)  fatigue  crack.  By  definition  then,  99.9%  of  the  disks  are  retired 
prematurely.  This  results  from  the  fact  that  all  fatigue  data  have  inherent 
scatter.  When  this  data  scatter  is  coupled  with  other  uncertainties  in  any 
design  system,  (e.g.,  stress  analysis  error,  mission/usage  variability, 
fabrication  tolerance,  temperature  uncertainty)  a  final  deterministic  life 
prediction  is  made  for  an  occurrence  rate  of  1  in  1000.  When  plotted  on  a  life 
distribution  curve  as  in  Figure  2,  this  corresponds  to  approximately  a  -3  sigma 
lower  bound.  It  is  at  this  life  that  all  fatigue  limited  disks  are  removed 
from  service.  This  procedure  has  successfully  prevented  catastrophic 
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in-service  failures.  However,  in  retiring  1000  disks  because  one  may  crack, 
the  remaining  crack  initiation  life  of  the  999  theoretically  good  disks 
(shaded  area  in  distribution  curve  of  Figure  2.)  is  not  utilized.  It  has  been 
calculated  that  many  of  the  999  retired  disks  have  considerable  useful 
remainine  life  (Fieure  3) . 


Figure  1.  Total  Fatigue  Life  Can-Be  Segmented  Into  Stages  of  Crack  Development, 
Subcritical  Growth  and  Final  Fracture 


(Tima  or  Cycles) 


Figure  2.  Historical  Life  Limit  Methodologies  Have  Precluded  Use  of  All  Available 
Life  in  a  Population  of  Disks 
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Figure  3.  Useable  Life  in  Excess  of  the  Typical  Components  1  in  1000  Retirement  Life 
Can  Be  Significant  for  a  Component  Population 


Crack 

Length 


Figure  4.  The  Retirement  for  Cause  Procedure  Involves  Inspection  and  Return-to-Service 
Until  a  Quantifiable  Defect  Is  Found,  Resulting  in  Retirement. 


The  ability  to  safely  utilize  the  remaining  life  in  that  population  of  999 
retired  disks  had  been  limited  by  the  understanding  of  the  fatigue  and  fracture 
process.  Technology  advances  have  improved  that  understanding,  resulting  in 
the  ability  to  eliminate  or  define  the  uncertainties  in  life  prediction,  thus 
enabling  the  Retirement  for  Cause  approach.  Under  the  RFC  philosophy,  each  of 
these  retired  disks  could  be  inspected  and,  if  sound,  returned  to  service.  The 
return-to-service  interval  is  determined  by  a  fracture  mechanics  calculation  of 
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remaining  propagation  life  from  a  defect  just  small  enough  to  have  been  missed 
during  inspection.  If  the  propagation  life  from  this  "missed"  defect  exceeds 
the  economically  feasible  return-to-service  interval,  the  disk  is  reused.  This 
procedure  is  repeated,  as  shown  in  Figure  4,  until  the  disk  has  incurred 
detectable,  measurable  damage,  at  which  time  it  is  retired  for  that  reason(or 
cause) . 

Referring  to  Figure  4,  it  can  be  seen  that  the  RFC  concept  is  based  on  fracture 
mechanics  and  nondestructive  evaluation.  Nondestructive  evaluation  is  used  to 
ascertain  the  presence  or  absence  of  defects  in  critical  locations  on  a 
component.  Fracture  mechanics  is  used  to  predict  the  crack  propagation  life  at 
every  critical  location  from  a  defect  size  just  below  the  NDE  limit  of  reliable 
crack  detection.  Given  that  the  technology  exists  to  accurately  do  these  two 
things,  a  third  factor  impacts  the  decision  making  process:  is  RFC 
economically  beneficial? 

Economic  benefits  of  RFC  are  a  function  of  the  return  to  service  interval-crack 
propagation  life  relationship.  If  the  return  to  service  interval  is  short, 
relative  to  crack  propagation  life,  high  costs  may  be  incurred  due  to  frequent 
return  of  modules  or  engines  for  depot  inspection/overhaul.  If  the  return  to 
service  interval  is  long  relative  to  crack  propagation  life,  high  costs  may  be 
incurred  due  to  in-service  failure.  The  relationship  between  the  return  to 
service  interval,  and  the  crack  propagation  life,  is  defined  as  the  propagation 
margin,  and  is  illustrated  in  Figure  5. 


Crack  Size  I  PM  -  Np/RTS 


_ Return  to  Service, 
Interval  (RTS) 


NDE  Limit 
ol  Reliable 
Crack  Detection 


Cycles  (N)  ■ 


Crack  Propagation 
Life  (Np) 


Figure  5.  Propagation  Margin  (PM),  Defines  the  Relationship  Between  Crack  Propagation  Life 
and  Return-to-Service  Interval.  This  Example  Is  for  a  PM-2. 
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Applying  a  propagation  margin  assures  safety  in  utilizing  the  remaining 
initiation  life  in  each  component,  recognizing  that  some  uncertainties  may 
still  exist.  This  is  done  by  determining  the  crack  propagation  life,  Np,  at 
every  critical  location  on  a  component  from  a  defect  of  a  size  barely  small 
enough  to  be  missed  during  inspection.  The  return  to  service  interval,  RTS,  is 
then  established  by  conducting  life  cycle  cost  analyses  to  determine  the  most 
economical  propagation  margin,  PM,  to  apply  to  the  shortest  Np,  thus  RTS  = 
Np/PM.  In  this  context,  propagation  margin  is  akin  to  a  safety  factor.  Life 
cycle  cost  versus  propagation  margin  is  plotted  for  each  individual  component 
and  combined  to  determine  the  most  economical  interval  to  return  an  engine  or 
module  for  inspection.  An  example  is  shown  in  Figure  6. 


-  Increasing  Risk 
Increasing  Cost  — 
Propagation  Margin 


Figure  6.  Propagation  Margin  Is  Determined  from  an  Economic  Balance  Between  High  Cost  of 
Failure  and  Cumulative  Cost  of  Frequent  Inspectian/Overhaul 

The  Retirement  for  Cause  Procedure 

The  RFC  flow  chart,  Figure  7,  illustrates  a  simplified  view  of  how  this 
maintenance  concept  is  utilized.  When  an  engine  or  module  is  scheduled  for 
maintenance,  an  economic  analysis  is  performed  on  the  engine  or  module,  i.e., 
fan,  compressor,  high  turbine,  or  low  turbine,  identified  as  a  participant  of 
the  RFC  maintenance  program.  If  the  module  has  already  been  in  service  for 
several  inspection  intervals,  the  probability  of  finding  cracked  parts  may  be 
great  enough  to  make  reinspection  economically  undesirable,  and  specific 
components  of  that  module  are  retired  without  being  inspected.  This  is 
determined  by  the  economic  analysis  at  decision  point  one  and  is  one  of  three 
possible  decisions.  An  unscheduled  engine  removal,  UER,  may  bring  a  module 
out  of  service  that  is  more  economical  to  return  to  service  for  the  remainder 
of  its  inspection  interval  than  to  inspect  and  release  it  for  a  new  full 
interval,  the  second  possible  decision  at  point  one.  The  remainine  choice  at 
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point  one  is  to  tear  down  the  module  and  inspect  the  parts.  During  inspection 
there  again  are  three  possibilities,  (decision  point  two).  If  no  defects  are 
found,  the  part  is  returned  to  service.  If  the  disk  is  found  to  be  flawed,  it 
is  retired.  The  third  choice  is  to  investigate  modification  or  repair  of  a 
flawed  part.  An  economically  repairable  part  may  be  repaired  and  returned  to 
inspection,  decision  point  three. 


t$:l 


$;* 

t 

14 

♦!»;» 


Figure  7.  Retirement  for  Cause  Procedure  Flow  Chart 


Technical  Development  of  RFC 

As  Figures  4,  5  and  6  have  illustrated,  the  RFC  methodology  is  based  upon  two 
broad  technological  areas:  fracture  mechanics  and  nondestructive  evaluation, 
and  evaluated  economically. 

It  may  seem  incongruous  that  an  effort  to  utilize  the  available  crack 
initiation  or  LCF  life  inherent  in  a  population  of  rotor  components  would 
emphasize  fracture  mechanics — crack  propagation — knowledge  as  a  requisite. 
Crack  initiation  phenomena  are  not  completely  understood,  and  the  predictive 
ability  is  not  precise.  That  is  why,  traditionally,  lower  bound  limits  are 
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used.  The  fracture  mechanics — NDE  approach  of  retirement  tor  cause  does  not 
require  knowledge  of  the  exact  crack  initiation  life  of  a  component.  The 
concern  is  if  a  crack  initiates  in  a  service  interval,  is  it’s  growth 
predictable,  with  enough  precision,  to  give  assurance  that  the  part  would  not 
fail  prior  to  the  completion  of  that  interval?  Should  a  crack  have  initiated, 
the  inspection  process  at  the  end  of  the  interval  would  then  result  in  the 
retirement  of  that  part  long  before  failure  could  occur.  The  use  of  a 
propagation  margin  builds  additional  safety  into  the  process.  The 
understanding  of  how  a  crack  will  behave,  if  present,  therefore,  becomes  the 
paramount  concern  in  applying  RPC. 

The  Materials  and  Acropropulsion  units  of  the  Air  Force  Wright  Aeronautical 
Laboratories  (AFWAL)  have  conducted  in-house  research  and  development 
activities  in  the  RFC  area  since  1972.  A  joint  study  by  the  Metals  Behavior 
Branch  (AFWAL/MLLN) ,  the  Engine  Assessment  Branch  (AFWAL/POTA) ,  and  the 
Directorate  of  Engineering,  Aeronautical  Systems  Division,  reference  1,  was 
undertaken  in  1975  to  assess  the  state  of  the  art  of  the  technologies  involved 
in  RFC.  This  study  addressed  and  utilized  a  TF33  3rd-stage  turbine  disk  as  a 
demonstration  vehicle.  As  a  result  of  this  study,  the  technical  requirements 
fell  into  four  areas:  stress  analysis,  crack  growth  analysis,  nondestructive 
evaluation,  and  mechanical  testing.  Pratt  &  Whitney  had  also  begun  extensive 
research  and  development  programs  under  corporate,  IR&D,  and  government 
contract  sponsorship  in  1972  to  identify  and  to  develop  the  applied  fracture 
mechanics  and  NDE  technologies  necessary  to  realize  the  RFC  concept. 

The  culmination  of  these  preliminary  activities  was  a  study  conducted  by  P&W  in 
1979  and  1980  under  Defense  Advanced  Research  Projects  Agency  (DAKPA)  and  AFWAL 
sponsorship  entitled  "Concept  Definition:  Retirement  for  Cause  of  F100  Rotor 
Components,"  reference  2.  This  program  was  the  first  to  consolidate  and  focus 
these  disciplines  on  a  specific  engine  system  and  to  quantify  the  benefits  and 
risks  involved.  The  methodology  and  results  of  the  study  program  have  been 
discussed  at  many  workshops  and  symposiums  (Reference  3-6). 

Upon  completion  of  that  initial  Concept  Definition  Study,  AFWAL/Materials 
Laboratory  established  a  major  thrust  in  RFC  with  the  goal  of  reducing  the 
concept  to  practice  with  first  system  implementation  to  occur  on  the  F100 
engine  at  the  San  Antonio  Air  Logistics  Center  (SAALC) .  At  the  start  of  this 
major  thrust,  a  number  of  fracture  mechanics  activities  had  been  conducted 
giving  high  confidence  in  the  ability  to  accurately  predict  crack  growth.  In 
particular,  the  Hyperbolic  Sine  (Sinh)  procedure  for  modeling  crack  growth  rate 
had  been  developed  and  validated.  There  did  exist,  however,  some  concerns  and 
data  gaps  which  conceivably  could  technically  limit  the  application  of  RFC  to 
specific  engine  components.  In  addition,  the  broad  areas  of  economic 
assessment  and  logistics  management  had  to  be  integrated  with  the  RFC  technical 
concept,  to  produce  a  viable,  implementable  system  for  managing  life  limited 
gas  turbine  engine  components.  The  overall  development  process  is  shown 
schematically  in  Figure  8. 

A  number  of  the  technology  development  activities  were  subsequently  conducted 
to  execute  the  development  process.  These  activities  addressed  life  assessment 
systems,  nondestructive  evaluation  systems,  and  weapon  system  readiness 
concerns  and  the  means  of  integrating  and  validating  these  disciplines  for  a 
coherent  RFC  methodology. 
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Figure  8.  Technology  Areas  and  Sequences  Involved  in  Reducing  Retirement  for  Cause 
to  Practice 


The  life  assessment  systems  activity  developed  fracture  mechanics /crack  growth 
tools  for  conditions  present  in  gas  turbine  engines,  such  as  thermal-mechanical 
cycling,  multiple  initiation  sites,  high  frequency-low  cycle  fatigue 
interactions  and  others.  As  F100  engine  components  were  the  initial 
application  of  retirement  for  cause,  the  technology  development  efforts 
addressed  the  materials  and  conditions  found  in  that  engine. 

A  probabilistic  life  analysis  technique  had  been  previously  defined  and  was 
developed.  The  information  generated  in  the  technology  studies  was  used  to 
refine  this  technique,  or  to  provide  inputs  to  the  system.  This  probabilistic 
life  analysis  technique  was  then  used  in  conjunction  with  thermal  and  stress 
analysis  and  nondestructive  evaluation  information  to  perform  life  prediction 
calculations,  risk  assessments,  and  sensitivity  studies  on  specific  F100  engine 
components  selected  for  Retirement-for-Cause.  Results  of  these  analyses  were, 
in  turn,  employed  in  comparisons  of  cost  versus  risk  and  the  life  cycle  cost 
calculations  to  establish  strategies  for  implementation  of  RFC,  and  to  provide 
management  information  necessary  for  cost  effective  maintenance  decisions. 


Recognizing  the  concerns  associated  with  the  implementation  of  any  new 
life-management  concept,  an  extensive  demonstration  and  validation  effort  was 
conducted.  This  activity  demonstrated  the  tools  previously  developed  by 
laboratory  testing  of  specimens  and  subcomponents  which  verified  the 
statistical  aspects  of  the  predictive  models.  In  addition,  spin-rig  testing  of 
turbine  and  compressor  component  assemblies  verified  the  fracture  mechanics 
tools.  An  Accelerated  Mission  Test  (AMT)  of  a  full  F100  engine  with  purposely 
flawed  components  was  conducted  in  the  F100  Component  Improvement  Program,  and 
the  results  were  integrated  into  the  RFC  effort.  This  test,  equivalent  to  more 


than  four  years  of  service  in  the  field,  demonstrated  fracture  mechanics/life 
analysis  tools  under  real  engine  operating  conditions,  and  verified  the 
laboratory  specimen  and  component  test  results. 


In  addition  to  the  laboratory  and  engine  test  results,  information  was  obtained 
from  F-15  and  F-I6  operating  bases  to  confirm  engine  utilization,  and  from  the 
San  Antonio  Air  Logistic  Center  to  assess  field  service  performance  of  all  FIDO 
engine  RFC  Candidate  Components.  This  information  and  data  was  used  to  verify 
and  optimize  the  methodology. 

While  no  development  of  NDE  systems  was  conducted  under  this  program,  NDE 
support  was  provided  during  the  methodology  demonstration.  Requirements  for 
inspection  of  the  candidate  F100  RFC  Components  were  defined,  and  were 
maintained  current.  This  information  was  interacted  with  the  Manufacturing 
Technology  for  RFC/NDE  Systems  program  conducted  by  Systems  Research 
Laboratories.  In  turn,  information  and  results  from  that  program  were 
utilized  in  both  the  methodology  demonstration  and  life  assessment  system 
development  activities.  Throughout  the  development  process,  similar 
coordination  activities  occurred  with  all  of  the  effected  Air  Force  and 
Government  organizations. 

Retirement  for  Cause  and  the  Engine  Structural  Integrity  Program 

There  is  occasional  confusion  regarding  the  relationship  of  Retirement  for 
Cause  (RFC)  and  the  Engine  Structural  Integrity  Program  (ENSIP) .  The  Engine 
Structural  Integrity  Program  is  defined  by  Military  Standard  1783  (USAF) ,  and 
provides  the  basis  for  establishing  the  requirements,  criteria,  and  methods  for 
the  design  of  gas  turbine  engines  and/or  components.  Included  is  the 
requirement  for  damage  tolerance  in  fracture  critical  parts,  with  fatigue  crack 
initiation  (LCF)  life  and  crack  propagation  life  criteria.  In  addition, 
certain  nondestructive  inspection  criteria  are  specified. 

Retirement  for  Cause  is  a  component  life  management  methodology.  It  may  be 
applied  to  any  life  limited  engine  component,  regardless  of  the  criteria  used 
in  the  design  of  that  component.  Retirement  for  Cause  and  ENSIP  both  draw  from 
the  same  technology  base,  and  both  involve  similar  component  analyses.  In  many 
instances  they  are  complimentary:  i.e.  damage  tolerance  concepts  of  ENSIP  can 
be  utilized  in  RFC,  and  probabilistic  analysis  techniques  developed  for  RFC  can 
be  utilized  in  ENSIP.  In  fact,  much  of  the  technology  base  of  ENSIP  has  been 
demonstrated,  and  has  been  validated  by  the  Air  Force's  RFC  programs. 

The  major  difference  between  the  two  programs  is  the  point  in  time  of 
application.  ENSIP  is  applied  in  the  initial  design  and  development  phase  of 
an  engine  program.  RFC  is  applied  during  the  in-service,  operational  use, 
phase  of  an  engine  system.  The  use  of  the  ENSIP  philosophy  for  an  engine 
design  will  greatly  facilitate  the  use  of  RFC  during  its  subsequent  service 
life.  As  new  engine  systems  entering  the  U.S.  Air  Force  are  being  designed  and 
developed  under  ENSIP  criteria,  RFC  will  emerge  as  the  primary  life  limited 
component  maintenance  procedure . 

In  summary,  use  of  RFC  naturally  accrues  with  an  ENSIP  designed  engine; 
however,  an  ENSIP  engine  design  is  not  required  in  order  to  apply  Retirement 
for  Cause. 


The  USAF  F100  engine  was  chosen  as  the  vehicle  for  the  first  implementation  of 
the  Retirement  for  Cause  maintenance  concept.  This  engine,  in  a  number  of 
models,  powers  the  twin  engined  F-15  and  the  single  engined  F-16  fighter 
aircraft.  It  is  an  augmented  turbofan  engine  in  the  25,000  pound  thrust  class 
with  a  thrust  to  weight  ratio  approximately  8  to  1.  The  engine  originally 
entered  service  in  the  early  1970's.  There  are  in  excess  of  3,000  of  these 
engines  now  in  USAF  service  worldwide.  The  F100  is  an  axial  flow,  low-bypass, 
high-compression  ratio,  twin-spool  engine  with  an  annular  combustor  and  common 
flow  augmentor.  It  has  a  three-stage  fan  driven  by  a  two-stage  low  pressure 
turbine  (LPT) ,  and  a  10-stage  high  pressure  compressor  (HPC)  driven  by  a 
two-stage,  high-pressure  turbine  (HPT).  The  engine  is  shown  in  Figure  9.  The 
engine  consists  of  five  major  modules:  fan,  core  (compressor,  combustor,  and 
compressor  drive  turbine),  fan-drive  (LPT)  turbine,  augmentor/exhaust  nozzle 
and  the  accessory  drive  gearbox.  Each  module  is  interchangeable  from 
engine-to-engine  at  the  base  and  intermediate  maintenance  level.  Each  module 
has  its  own  maintenance  rhythm,  and  is  returned  to  the  San  Antonio  Air  Logistic 
Center  for  overhaul/refurbishment  independent  from  the  other  modules  which 
constitute  an  engine. 

The  fan,  core  and  fan  drive  turbine  modules  contain  the  rotor  components  - 
disks  and  rim  spacers/air  seals  -  considered  for  RFC. 
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Figure  9.  The  F100  Turbofan  Engine  Which  Powers  the  F-15  and  F-16  Aircraft 


There  are  two  primary  criteria  used  to  select  F100,  or  any  other  engine,  rotor 
components  for  RFC  implementation.  These  criteria  must  be  sequentially  applied: 

o  Component  low  cycle  fatigue  life  at  any  location  is  less  than  the 
anticipated  system  life; 

o  Component  crack  propagation  life  at  all  locations  must  be  greater 
chan  the  return  to  service  interval  with  an  appropriate 
Propagation  Margin, 

The  critical  locations  considered  for  each  of  the  two  criteria  may  not  be  the 
same:  that  is  why  the  criteria  are  applied  sequentially.  The  LCF  limiting 

locations  may  not  be  those  with  the  most  limiting  crack  propagation  life. 
Failure  to  meet  both  criteria  removes  a  component  from  consideration.  For 
example,  a  component  with  a  LCF  life  greater  than  the  engine  system  life  would 
not  be  retired  in  the  life  of  the  system,  therefore,  RFC  is  not  applicable. 
Conversely  for  a  component  with  a  LCF  life  less  than  the  engine  system  life, 
but  with  a  low  propagation  margin,  RFC  is  also  not  applicable,  assuming  no 
change  in  return  to  service  interval,  and  the  component  would  be  retired  and 
replaced  at  its  LCF  limit. 

There  are  two  additional  factors  that  should  also  be  considered  in  selecting 
candidate  components . If  the  cost  of  conducting  the  necessary  component 
inspections  exceeds  the  cost  of  a  new  replacement  component,  it  is  not 
economically  feasible  to  apply  RFC.  If  replacement  components  are  not 
available  (-at  any  cost-)  in  the  required  time  period,  RFC  may  be  necessary 
in  order  to  maintain  force  readiness.  These  factors  were  also  accounted  for  in 
selecting  F100  RFC  components. 

At  the  present  time,  23  fan,  high  pressure  compressor  and  fan  drive  turbine 
disks  and  airseals/spacers  are  F100  RFC  components.  These  components  and  their 
materials  are  listed  in  Table  1. 

Coupled  with  fracture  mechanics  analyses,  reliable  production  oriented 
nondestructive  inspection  techniques  are  required.  The  inspection  requirements 
for  each  critical  feature  for  each  RFC  component  were  established.  Typical 
flaw  inspection  types  are  shown  in  Figure  10.  The  appropriate  NDE  techniques 
to  meet  those  requirements  are  also  listed  in  Table  1,  and  are  of  four  types: 
proof  test,  eddy  current,  ultrasonic,  and  fluorescent  penetrant. 

Proof  testing  techniques  at  cryogenic  temperatures  are  used  for  the  three  fan 
disks.  The  cryo-proof  process  for  disks  was  developed  in  conjunction  with  the 
Aeronautical  Systems  Division  and  San  Antonio  Air  Logistics  Center.  Under  this 
process,  a  fan  disk  is  spun  to  an  overload  speed  while  at  cryogenic 
temperature.  If  a  deleterious  defect  is  present,  the  disk  bursts:  if  not,  the 
disk  is  certified  for  its  next  return  to  service  interval. 

All  components  receive  standard  fluorescent  penetrant  inspection  (FPI)  during 
the  overhaul  process  to  detect  gross  surface  defects.  Focused  FPI  is  used  for 
RFC  inspections  of  some  features  where  flaw  size  requirements  are  less 
stringent . 
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Table  1 

F100  Engine  Retirement  For  Cause  ComDonents 


Module 

Component 

Material 

NDE  Technique* 

Fan 

1st 

Stage 

Disk  and  Hub 

Ti  6-2-4-6 

CRYO  Proof 

2nd 

Stage 

Disk  and  Hub 

T1  6-2-4-6 

CRYO  Proof 

3rd 

Stage 

Disk 

Ti  6-2-4-6 

CRYO  Proof 

2nd 

Stage 

Airseal 

Tl  6-2~4-6 

EC 

Core-HPC 

4th 

Stage 

Disk 

Ti  6-2-4-6 

EC 

5th 

Stage 

Disk 

Ti  6-2-4-6 

EC 

7th 

Stage 

Disk 

WASPALOY 

EC 

8th 

Stage 

Disk 

WASPALOY 

EC 

9th 

Stage 

Disk 

In-100 

EC/UT 

10th 

Stage 

Disk 

WASPALOY 

EC 

11th 

Stage 

Disk 

In-100 

EC 

12th 

Stage 

Disk 

WASPALOY 

EC 

13th 

Stage 

Disk 

In- 100 

EC/UT 

13th 

Stage 

Rotor  Spacer 

In- 100 

EC/UT 

4th 

Stage 

Airseal 

Ti  6-2-4-6 

FPI 

5th 

Stage 

Airseal 

Ti  6- 2-4-6 

FPI 

6th 

Stage 

Airseal 

WASPALOY 

FPI 

7th 

Stage 

Airseal 

WASPALOY 

FPI 

8th 

Stage 

Airseal 

WASPALOY 

EC 

9th 

Stage 

Airseal 

WASPALOY 

FPI 

LPT 

3rd 

Stage 

Turbine  Disk 

In-100 

EC/UT 

4th 

Stage 

Turbine  Disk 

In-100 

EC/UT 

4th 

Stage 

Turbine  Airseal 

WASPALOY 

EC 

*  EOEddy  Current  feature  inspection 
UT-Ultrasonic  zone  inspection 
FPI“Fluorescent  penetrant  inspection 


Drain  Slot/Balance  Cui 


Balance  Flange  Scallop 


Oil  Drain/BoK/Cooliug  Air  Holea 
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Figure  10.  Typical  Flaw  Types  to  Be  Detected  in  Fighter  Engine  Rotor  Components 
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Eddy  current  and  ultrasonic  techniques  are  used  where  critical  surface  and/or 
subsurface  (internal  volumetric  defect)  inspections  are  required.  Specific 
inspection  requirements  were  established  for  each  component  location  or  zone 
and  interacted  with  Systems  Research  Laboratories  Inc.  (SRL) ,  the  developer  and 
producer  of  the  automated  eddy  current/ultrasonic  inspection  system  for  RFC 
under  USAF  Contract  F33615-81-C-5002 .  That  system  is  now  installed  and 
operational  at  the  San  Antonio  Air  Logistic  Center. 

Benefits  of  RFC  for  the  F100  Engine 

The  underlying  fracture  mechanics/life  prediction  and  nondestructive  evaluation 
technology  basis  of  RFC  has  been  demonstrated  and  validated.  There  are  no 
technical  reasons  why  RFC  can  not  be  used  for  engine  maintenance.  However, 
there  must  be  a  reason  to  use  RFC.  The  primary  premise  for  utilizing  RFC  is 
that  it  will  significantly  reduce  the  cost  of  ownership  of  an  engine  system. 

Life  Cycle  Cost  (LCC)  savings  are  the  means  of  measuring  the  reduction  in  cost 
of  ownership. 

Life  Cycle  Cost  analyses  were  conducted  for  two  scenarios  for  the  FI00  fleet: 
baseline,  with  components  retired  and  replaced  with  new  components  at  their  LCF 
limits;  and  RFC  of  the  23  components.  The  difference  in  the  two  analyses 
results  is  the  LCC  savings  for  RFC.  In  addition,  as  RFC  contributes  to  an 
increase  in  the  return-to-service  of  the  core  engine  module,  with  resultant 
reduction  in  the  number  of  core  engine  overhauls  required,  the  cost  savings  for 
this  reduced  overhaul  activity  was  also  established. 

Life  Cycle  Costs  analyses  are  predicated  upon  various  ground  rules  and 
assumptions  concerning  events  in  the  future.  These  include  aircraft/engine 
utilization  rates,  scheduled  and  unscheduled  maintenance  events,  engine  delivery 
schedules,  engine/module  retirement  rate,  labor  requirements  and  many  others. 
Ground  rules  and  assumptions  for  this  study  were  developed  in  conjunction  with 
the  Tactical  Egines  Program  Office  (ASD/YZ),  Air  Logistics  Command 
Headquarters,  Acquisition  Logistics  Division,  San  Antonio  Air  Logistics  Center 
and  AFWAL,  and  used  with  their  concurrence.  All  costs  were  based  on  fiscal 
year  1986  dollars. 

The  LCC  savings  for  the  F100  fleet  are  $966.2  million  due  to  parts  cost 
avoidance  for  the  nominal  engine  life.  These  savings  are  delineated  by  module 
in  Table  2.  In  addition,  $635.2  million  is  saved  because  of  fewer  scheduled 
core  engine  overhaul  visits  for  the  fleet  over  its  projected  life.  This 
reduction  results  from  the  extension  of  the  core  engine  return-to-service 
interval.  RFC  is  responsible  for  a  part  of  this  savings.  The  cost  of  extending 
the  interval  would  increase  by  a  factor  of  approximately  1.7  to  1.8  if  RFC  was 
not  used.  Therefore,  it  is  postulated  that  RFC  is  responsible  for  a 
proportionate  amount  of  the  savings  due  to  the  fewer  core  engine  overhaul 
visits.  With  this  premise,  RFC  can  be  credited  with  approximately  $303  million 
of  the  overhaul  visit  cost  avoidance. 

The  gross  savings  due  to  RFC  must  be  debited  by  the  investment  costs  required 
to  enable  its  use.  These  cost  accrue  due  to  development ,  equipment  and 
facility  expenses  to  enable  its  application.  A  total  of  $52.5  million 
(FY  1986  dollars)  including  the  NDE  and  cryo  proof  equipment  and  facilities, 
are  considered  RFC  investment  costs  in  this  analysis  and  are  deducted  from  the 
LCC  savings. 


Table  2 

Life  Cycle  Cost  (LCC)  Savings  For  F100 
Engine  Component  Retirement  For  Cause 


Module 


Number  of 
Components 


LCC  Savings 
t  Million  (1986) 


Fan  4 
Core-HPC  16 
LPT  3 


263.7 

449.3 

258.2 


Total  Parts  Cost  Avoidance 


$  966.2 


With  the  above  premises,  the  use  of  Retirement  for  Cause  for  the  USAF  F100 
engine  fleet  produces  a  net  life  cycle  cost  savings  in  excess  of  1.21  billion 
dollars . 


Closure 


Retirement  for  Cause  of  gas  turbine  engine  components  is  technically  \ slid  and 
economically  desirable.  The  benefits  for  the  USAF  F100  engine  system  are  so 
significant  that  RFC  was  implemented  for  components  of  that  engine  in  1986  at 
the  San  Antonio  Air  Logistics  Center.  It  is  anticipated  that  RFC  will  become 
the  standard  procedure  for  maintenance  management  of  life-limited  components  of 
all  future  USAF  gas  turbine  engines,  and  potentially  for  any  fatigue 
life-limited  system. 


In  addition  to  the  LCC  savings,  there  are  other,  less  tangible  benefits.  For 
the  F100  engine  alone,  it  is  estimated  that  more  than  3500  tons  of  strategic 
material  use  is  avoided  over  the  engine's  life  by  not  producing  the  quantities 
of  spare  parts  that  would  have  been  required  prior  to  RFC.  In  this  regard, 
while  not  the  primary  objective,-  RFC  evolves  as  one  of  the  largest  of  the 
strategic  material  conservation  efforts. 


RFC  has  been  demonstrated  as  technically  viable  and  beneficial  for  the  F100 
engine.  It  is  strongly  emphasized,  however,  that  in  order  to  utilize  RFC  for 
other  engines,  thorough  knowledge  and  understanding  of  the  materials 
behavior,  component  operating  conditions,  engine  use  and  logistics/maintenance 
systems  involved  are  required  to  avoid  undesirable  consequences. 
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ABSTRACT 

Systems  Research  Laboratories,  together  with  its  many  subcontractors, 
has  developed  the  Retirement  for  Cause  (RFC)  system  to  inspect  the  FI 00 
engine  at  the  engine  overhaul  facility  of  Kelly  AFB,  San  Antonio,  Texas. 
This  completely  automated  system,  which  utilizes  both  eddy  current  and 
ultrasonic  inspection  technologies,  has  been  thoroughly  tested  before 
implementation  at  Kelly  AFB.  As  of  September  1,  1987,  after  ten  and  one 
half  months  in  "production",  the  system  has  inspected  approximately  1900 
parts. 

An  overview  of  the  RFC  system  and  a  presentation  of  the  results  of 
the  reliability  tests  will  be  given.  Some  of  the  highlights  of  the 
inspection  techniques  and  algorithms  will  also  be  outlined,  in  order  to 
show  how  this  automated,  computer  controlled  system  can  achieve  the 
reliable  and  sensitive  inspections  that  have  been  demonstrated. 

This  work  was  conducted  under  USAF  contract  number  F33615-81-C-5002. 


INTRODUCTION 


Systems  Research  Laboratories,  together  with  its  many  subcontractors,  has 
developed  the  Retirement  for  Cause  (RFC)  System  to  inspect  the  F100  engine  at 
the  engine  overhaul  facility  of  Kelly  AFB,  San  Antonio,  Texas.  This 
completely  automated  system,  which  utilizes  both  eddy  current  and  ultrasonic 
inspection  technologies,  has  been  thoroughly  tested  before  implementation  at 
Kelly  AFB.  As  of  October  15,  1987,  after  one  year  of  "production",  the  system 
has  inspected  approximately  2300  parts. 

An  overview  of  the  RFC  System  and  a  presentation  of  the  results  of  the 
reliability  tests  will  be  given.  Some  of  the  highlights  of  the  inspection 
techniques  and  algorithms  will  also  be  outlined  in  order  to  show  how  this 
automated,  computer  controlled  system  can  achieve  the  reliable  and  sensitive 
inspections  that  have  been  demonstrated. 


REVIEW 

The  Retirement  for  Cause  System  has  been  developed  under  contract  with  the  Air 
Force.  The  project  started  in  1981.  Since  then,  a  prototype  system  has  been 
developed  and  tested.  Following  this,  a  production  system  was  built  and  then 
delivered.  The  first  deliveries  of  Inspection  stations  occurred  late  in  1985. 
Reliability  tests  have  been  conducted,  and  the  system  has  been  in  production 


at  Kelly  AFB  since  October  1986 


The  prime  contractor  has  been  Systems  Research  Laboratories  of  Dayton,  Ohio. 
The  contract  monitor  is  Bruce  Rasmussen.  The  subcontractors  include  major 
engine  manufacturers  (Pratt  4  Whitney  Aircraft,  General  Electric,  Garrett 
Turbine  Engine,  and  Allison  Gas  Turbine),  NDE  research  and  equipment  suppliers 
(Southwest  Research  Institute,  Rockwell  Science  Center,  AMES  Laboratory,  and 
Nortec),  and  mechanical  module  suppliers  and  designers  (MM,  CCDI,  MMP,  and 
MBS).  A1  Berens  of  the  University  of  Dayton  performed  the  statistical 
processing. 

The  result  of  this  multi -million  dollar,  multiple  subcontract  effort  is  the 
generic  system  now  in  production  at  Kelly  AFB.  At  present  this  system 
consists  of  four  eddy  current  test  stations  and  one  ultrasonic  test  station, 
all  interfaced  to  a  mainframe  computer.  There  is  a  system  operator  console 
which  is  used  to  monitor  the  status  and  progress  of  the  inspection,  as  well  as 
calling  up  data  reports  and  graphics.  The  eddy  current  stations  are  used  to 
find  surface  cracks,  and  the  ultrasonic  station  is  used  to  find  subsurface 
defects. 

The  challenge  has  been  to  create  a  fast  and  reliable  inspection  searching  for 
very  small  (0.005  x  0.0(0  in.  surface,  0.020  in.  dia.  internal)  fatigue  cracks 
contained  in  complex  geometry  parts  with  equipment  which  must  perform  reliably 
in  a  factory  environment.  The  type  of  geometries  inspected  include  both  basic 
geometries  such  as  flat  surfaces,  corners,  and  internal  volumes,  and  complex 


geometries  such  as  the  Live  Rim,  Scallops,  Windows  and  Slots. 


HIGHLIGHTS 


The  RFC  System  Is  completely  automated.  Some  of  the  aspects  of  this  automa¬ 
tion  that  are  particularly  beneficial  are  part  fixturing,  probe  pickup  and 
return,  dimensioning,  calibration,  and  adaptive  scanning  techniques.  In 
addition,  the  ultrasonic  station  adapts  to  the  velocity  changes  of  ultrasound 
due  to  water  temperature  variations.  The  accuracy  and  repeatability  of  some 
of  these  features  is  given  in  Table  1 . 

TABLE  ^ 


Feature  Accuracy 


Dimensioning  +0.002" 

Bolt  Hole  Centering  <0.0006 

Scallop  Centering  +0.001 

Phase  Calibration  +2° 

Gain  Calibration  <1  dB 


An  important  aspect  of  automation  is  algorithm  portability.  In  this  instance 
"algorithm"  means  that  software  which  controls  the  inspection,  also  called  the 
scan  plan.  For  a  scan  plan  to  be  portable,  it  must  be  able  to  execute  proper¬ 
ly  on  any  of  the  stations  without  modification.  The  RFC  System  accomplishes 
this  by  keeping  station  dependent  software  resident  within  each  inspection 
station  computer.  This  coupled  with  adaptive  scanning  makes  the  scan  plans 
truly  portable,  enabling  the  scan  plans  to  be  written  from  the  blue  prints  of 
the  engine  parts. 

Adaptive  scanning  techniques  are  those  methods  used  to  adapt  the  inspection  to 
a  given  part,  allowing  for  part-to-part  and  machine-to-machine  variations. 
These  techniques  include  hole  centering,  the  use  of  compliant  and  airbearing 
probes,  and  dimensioning. 


Dimensioning  is  the  technique  used  to  verify  the  part,  its  orientation,  and 
its  dimensions.  It  is  also  used  to  adjust  the  mechanical  positions  in  the 
scan  plan  to  that  of  the  particular  part  being  inspected,  so  that  the 
integrity  of  the  inspection  is  maintained. 


Calibration  of  the  inspection  is  also  automatic.  The  goal  behind  calibration 
is  to  set  up  the  system  in  a  consistent  way  from  day  to  day.  It  adjusts  for 
differences  in  machines,  instruments,  and  probes. 


The  inspection  of  the  engine  parts  is  done  in  two  phases.  The  first  phase  is 
a  rapid  scan.  Any  suspect  flaw  regions  are  then  re-inspected  in  the  second 
phase  using  slower,  more  complicated  signal  processing  techniques.  In  this 
two-phase  approach,  high  throughput  rates  can  be  achieved  while  still  setting 
the  thresholds  near  the  noise,  and  reducing  the  number  of  false  calls.  Some 
of  the  signal  analysis  techniques  used  in  the  RFC  System  are  pattern  recogni¬ 
tion,  digital  filtering,  correlation  fourier  analysis,  and  spatial  and  time 
averaging.  The  slower  of  these  techniques  are  typically  incorporated  in  the 
second  phase  or  an  inspection. 
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All  of  these  system  features  and  techniques  work  together  to  produce  a 
reliable,  fast,  sensitive  inspection  system. 
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SYSTEM  TESTING 


The  RFC  System  nas  been  extensively  tested.  These  tests  began  in  October 
19d5.  This  acceptance/reliability  test  was  just  one  phase  of  a  technical 
reliability  effort.  The  reliability  working  group  developed  the  test 
procedure  and  test  specimens.  This  group  was  made  up  of  the  major  engine 
manufacturers,  NDE  research  houses,  and  the  University  of  Dayton1.  The  test 
specimen  contained  fatigue  cracks  in  representative  geometries.  The  test  was 
blind,  implying  that  neither  the  system  nor  SRL  personnel  had  inspected  the 
actual  samples  prior  to  the  test. 


The  first  phase  of  the  reliability  test  was  conducted  at  SRL  in  Dayton.  The 
results  of  that  test  determined  the  ship  status.  The  second  phase  of  the 
reliability  test  was  then  conducted  at  Kelly  AFB  after  shipment  to  confirm  the 
capability  shown  before  shipment. 


Each  phase  of  the  test  consisted  of  three  parts:  a  test  of  the  system  on  real 
engine  parts,  a  test  on  reliability  specimens,  and  a  system  operational 
reliability /dependability  test.  This  last  test  evaluated  the  system  with 
regard  to  uptime  and  downtime  and  subsystem  failure.  To  date,  the  RFC  System 
has  been  tested  the  equivalent  of  1b  consecutive  MO-hour  weeks. 


The  parameters  tested  in  the  NDE  reliability  portion  of  the  tests  are  shown  in 
Table  d.  Also  shown  in  the  table  are  short  explanations  of  the  parameters. 
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TABLE  2 


Parameter 


Explanation 


Basic  Capability 

Repeatability 

Reproducibility 

Variability 

Reliability 


Detection  Capability 
Multiple  Inspection  Effects 
Effects  of  Changes  (Instrument...) 
Effects  of  Human  Parameters 
Composite  of  Above 


Phase  I  test  results  are  shown  in  Figure  1  and  Table  3-  Figure  1  shows  the 
eddy  current  probability  of  detection  of  the  fatigue  cracks  in  the  specimens 
showing  the  effects  to  this  curve  for  several  parameters  and  changes  in  the 
parameters^.  As  can  be  seen,  the  results  show  a  good  detection  capability, 
good  repeatability  with  little  effect  due  to  probe  changes,  load  changes,  or 
even  operator  changes.  Table  3  gives  the  uptime  for  the  three  stations 
tested.  This  data  shows  very  good  system  dependability. 


TABLE  3.  PERCENT  UPTIME 


Module 

Hours 

Mechanical 

Software 

Production  i 

\ 

EC  #1 

126 

66 

99 

62  * 

EC  #2 

139 

99 

99 

95  ' 

UT  #1 

147 

100 

96 

96  ; 

t 

Total 

412 

95 

99 

91 

Phase 

II  tests 

began  in  the  summer  of  196b. 

In  addition  to 

the  tests  conduct¬ 

ed  in 

Phase  I, 

the  system  was 

tested  under  a 

full  production 

load.  The  tests 

confirmed  the  system  dependability,  detection  reliability,  and  the  ability  to 
handle  a  full  production  load.  They  also  established  the  system  throughput 
rates  that  can  be  used  to  estimate  loading  of  the  machines  in  a  factory  envi¬ 
ronment.  Figure  2  shows  the  eddy  current  probability  of  detection  data  for 
the  rivet  hole  specimens  for  Phase  II.  Tabie  4  shows  the  eddy  current 


detection  capability  for  all  of  the  specimens  tested  in  Phase  II.  The  depth 
given  is  the  90J  probability  of  detection  point  at  the  95%  confidence  level. 
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TABLE  4.  RFC  CAPABILITY 


Specimen 


Rivet  Holes 
Bolt  Holes 
Web/Bore  -  IN  100 
Web/Bore  -  Waspaloy 
Web/Bore  -  Ti 
Scallops 
Snap  Fillet 


Depth  (mils) 


4. tt 
7.2 
b.  1 
7.4 
9-b 
b.O 
3B.0* 


As  can  be  seen  from  the  depth  in  Table  4,  not  all  of  the  geometries  tested 
have  the  desired  probability  of  detection  (POD).  These  areas,  together  with 
other  difficult  geometries,  such  as  antirotation  windows  and  tangs,  are  still 
being  woriced  on  in  order  to  develop  a  reliable  technique.  Therefore,  of  the 
parts  presently  in  production  certain  geometries  are  not  being  inspected  using 
the  RFC  system. 


One  of  the  results  of  the  reliability  tests  has  been  the  generation  of 
theoretical  POD  verses  threshold  tables.  Based  on  these  tables,  certain 
geometries,  at  the  request  of  the  Air  Force,  had  their  thresholds  raised. 

These  specimens  were  subsequently  tested  with  these  raised  thresholds,  and  the 
theory  confirmed.  Finally,  these  raised  thresholds  were  incorporated  in  the 
engine  part  inspection  software. 


•  This  result  was  found  to  be  partially  due  to  missed  flaws  that  were  outside 
of  the  inspection  region.  Taking  those  samples  out  of  the  population,  and 
other  improvements  has  reduced  this  number  considerably. 
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In  summary,  the  system  has  shown  its  capability  to  inspect  these  engine  parts 
for  flaws  down  to  0.005  x  0.010  inches  (surface)  and  0.02b  in.  dia.  (internal) 


with  a  high  probability  of  detection.  Phase  II  data  correlated  strongly  with 
Phase  I.  Finally,  the  system  has  shown  excellent  repeatability,  and  very 
small  variability  due  to  changes  in  probe,  load,  orientation  and  operator. 


PRODUCTION 


On  October  15,  198b,  the  RFC  system  went  into  production  on  11  compressor 
section  engine  parts.  As  mentioned  before,  not  all  geometries  on  these  parts 
have  been  implemented.  These  geometries  are  awaiting  for  the  development 
efforts  to  improve  their  reliability.  And  yet,  the  system  has  outperformed 
its  expectation  for  the  geometries  that  are  inspected.  For  the  first  year  in 
production,  there  has  been  an  average  of  30  cores/month  inspected.  And  for 
the  geometries  and  parts  that  are  being  inspected,  the  estimated  inspection 
time/core  was  38  hours,  while  the  actual  time/core  is  28  hours. 


The  overall  statistics  are  as  follows:  232H  engine  parts  have  been  inspected 
in  the  first  year.  6d0  were  accepted  on  the  first  inspection.  A  total  of 


hkw, 


CONCLUSION 


The  RFC  system  has  proven  its  capabilities  both  on  tests  at  SRL  and  Kelly  AFB, 
as  well  as  in  production.  It  is  proving  to  be  a  reliable,  cost  effective 
means  of  extending  the  life  of  these  costly  engine  components.  This  success¬ 
ful  effort  will  save  the  Government  much  money  and  strategic  materials  in  the 
years  to  come. 
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ABSTRACT 

A  predictive  corrosion  model  which  will  enable  optimum  corrosion 
maintenance  scheduling  for  C-5  aircraft  is  being  developed  under  Air  Force 
Contract  F33615-85-C-5058 .  The  VAX-11  computer  program  is  based  on  the 
kinetics  of  corrosion  of  aircraft  alloys  and  upon  the  environmental  conditions 
existing  at  Air  Force  bases.  When  completed,  it  will  provide  a  fully 
integrated  method  for  predicting  crack  growth,  corrosion  damage,  and  coating 
degradation  for  C-5  aircraft  operating  in  a  variety  of  environments. 

The  corrosion  model  is  being  validated  by  comparing  predicted  crack  lengths 
with  actual  crack  lengths  in  the  test  article  used  in  the  C-5A  Modified  Wing 
Structural  Test  Evaluation  and  by  comparing  predicted  corrosion  damage  with 
corrosion  control  manhours  expended  on  selected  areas  of  the  C-5B  aircraft.  In 
the  cranks  analyzed  to  date,  the  predicted  crack  lengths  are  very  close  to  the 
actual  lengths. 

With  only  minor  modification,  the  predictive  corrosion  modeling  program  may 
be  used  for  the  C-141,  C-130,  B-52  or  any  other  aircraft  fleet  which  already 
has  a  crack  monitoring  program  in  operation. 

OPERATION 

This  is  a  report  on  a  program  Lockheed  is  conducting  for  the  Air  Force 
Aeronautical  Laboratories,  Air  Force  Systems  Command. 

Aircraft  corrosion  damage  and  paint  degradation  are  accelerated  by  salt 
water,  sunshine  and  acid  rain.  The  present  method  of  scheduling  corrosion 
related  maintenance  is  based  on  calendar  time  or  flying  hour  intervals  dictated 
by  statistical  probability  of  fatigue  damage  to  structure  or  wear  of  engine 
parts.  It  does  not  take  into  consideration  the  wide  variation  in  environmental 
conditions  at  Air  Force  Bases.  Consequently,  aircraft  stationed  in  marine 
environments  are  not  inspected  often  enough  and  others,  based  in  dry  areas, 
perhaps  more  frequently  than  required. 

The  objective  of  this  program  is  to  develop  a  corrosion  prediction  model 
which  can  be  used  to  optimize: 

1.  Field  and  Depot  Level  inspection  programs  for  existing  aircraft. 

2.  Selection  of  aircraft  for  the  Analytical  Condition  Inspection  program,  and 
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3.  Initial  inspection  programs  for  new  aircraft  entering  the  Air  Force 
inventory. 

During  the  past  two  years  a  predictive  corrosion  model  has  been  developed 
which  is  based  on  the  kinetics  of  corrosion  reactions  of  aircraft  alloys  and 
upon  the  environmental  factors  which  exist  at  Air  Force  bases.  The  initial 
program  was  designed  for  C-5  aircraft  but,  with  only  minor  modification,  can  be 
used  for  any  aircraft  which  already  has  a  crack  monitoring  program. 

This  program  to  incorporate  corrosion  rate  data  and  prediction  techm  logy 
into  inspection  and  maintenance  scheduling  consists  of  the  following  tasks: 

Task  1  -  Review  and  evaluate  current  Air  Force  maintenance  programs  and  recent 
work  on  aircraft  corrosion  mechanisms  and  fracture  mechanics. 

Task  2  -  Develop  corrosion  rate  equations  for  aircraft  corrosion  processes  and 
degradation  rate  equations  for  aircraft  coating  systems  and  incorporate  them 
into  a  corrosion  prediction  model. 

Task  3  -  Convert  the  equations  and  models  into  a  Vax-11  FORTRAN  program  to 
establish  field  and  depot  level  inspection  programs  for  aircraft  already  in 
operation,  and  inspection  programs  for  new  aircraft. 

Task  4  -  Validate  the  computerized  corrosion  forecasting  models  and  maintenance 
scheduling  decision  logic  by  comparing  the  predictions  of  the  model  with  actual 
corrosion  histories  of  C-5  or  C-141  aircraft. 

Task  5  -  Evaluate  the  efficiency  of  a  logic  which  integrates  the  corrosion 
forecasting  model  with  the  structural  integrity  programs  now  in  use  by  the  Air 
Force. 

PROGRESS 

The  key  to  this  entire  project  is  relating  the  kinetics  of  corrosion  of 
aircraft  alloys  to  the  environments  in  which  aircraft  operate.  The  literature 
search  disclosed  much  of  the  data  necessary  to  construct  the  computer  model. 

The  environmental  condition  which  exist  at  Air  Force  bases  were  obtained  from  a 
report  by  Dr.  Robert  Summitt  of  Michigan  State  University. ( 1 )  This  report,  "An 
Environmental  Corrosion  Severity  Classification  System",  lists  the  atmospheric 
contaminants,  intensity  of  sunlight,  rainfall,  distance  to  sea,  dewpoint,  and 
temperature  data  for  most  of  the  Air  Force  bases. 

Fatigue  cracking  and  stress  corrosion  data  for  aircraft  alloys  were  found 
in  the  Damage  Tolerance  Design  Handbook  MCIC-HB-01,  Part  II  (2). 

The  computer  program  is  based  on  the  following  types  of  corrosion  and 
coating  failure: 

1.  Fatigue  Corrosion 

2.  General  Corrosion 

3.  Coating  Degradation 

FATIGUE  CORROSION 

Initial  efforts  were  devoted  toward  developing  a  method  for  predicting  and 
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tracking  fatigue  corrosion  because  it  is  the  type  of  corrosion  which  is  most 
apt  to  shorten  aircraft  life. 


Because  of  the  many  variables  involved,  tracking  crack  growth  in  an  air 
frame  is  a  very  complicated  procedure.  A  crack  monitoring  program  is  already 
in  use  for  the  C-5  aircraft.  It  utilizes  parametric  input  from  crack  growth 
tests,  the  Forman  crack  growth  equation,  data  for  the  specific  alloys  involved, 
stress  spectra  relating  to  the  type  of  mission,  correction  factors  for  the 
specific  geometry  of  the  crack  being  monitored,  and  adjustments  for  retardation 
effects  caused  by  higher  than  average  stresses.  This  program  utilizes 
NASTHAN's  Finite  Element  Analysis  methods  for  calculating  stress  levels  at 
selected  points  of  the  C-5  airframe. (3) 


NASTRAN  is  a  computer  program  designed  to  solve  mathematical  models  for 
problems  in  continuum  mechanics.  It  embodies  a  lumped  element  approach, 
wherein  the  distributed  physical  properties  of  a  structure  are  represented  by  a 
model  consisting  of  a  finite  number  of  idealized  elements  that  are 
interconnected  at  a  finite  number  of  grid  points.  Loads  are  applied  at  these 
grid  points  and  solutions  to  complex  stress  and  displacement  problems  can  be 
obtained.  A  typical  NASTRAN  model  consists  of  membrane  elements,  rod  elements 
and  fastener  elements  as  illustrated  in  Figure  1. 


The  C-5  crack  monitoring  program  assumes  a  flaw  of  0.05  inches  at  critical 
points  on  the  aircraft  at  the  time  of  manufacture,  and  calculates  the  length  to 
which  a  crack  would  grow  as  the  result  of  the  missions  the  aircraft  has  flown. 
The  program  is  based  on  crack  growth  data  for  aircraft  alloys  obtained  at  100% 
relative  humidity  conditions. 


Corrosivity  Factors 


Instead  of  repeating  all  this  programming  for  the  predictive  corrosion 
model,  it  was  decided  to  use  the  crack  lengths  predicted  by  the  C-5  Crack 
Monitoring  program  and  correct  them  for  variations  in  the  environments  in  which 
specific  aircraft  operate.  This  is  being  done  by  multiplying  the  crack 
lengths  based  on  100%  relative  humidity  data  by  a  time  weighted  "Corrosivity 
Factor"  which  is  based  on  the  severity  of  the  environment  in  which  an  aircraft 
operates. 


The  basic  Forman  crack  growth  equation  used  in  the  C-5  program  is 


da/dN  = 


C(delta  K) 
(l-R)Kc  -  delta  K 


where 


da/dN  =  crack  growth  per  cycle 


delta  K  =  difference  between  the  maximum  and 

minimum  values  of  stress  concentration 


Kc  =  the  critical  stress  intensity  for  fracture 


C  =  a  material  constant 


R  =  ratio  of  minimum  to  maximum  load 
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The  Corrosivity  Factor,  CF,  is  defined  as 

da/dN  in  Actual  Environment _ 

da/dN  in  100%  Humidity  Environment 

The  Corrosivity  Factors  were  determined  by  plotting  da/dN  vs  delta  K  data 
for  specific  aircraft  alloys  in  dry  air,  distilled  water,  and  in  3  1/2%  NaCl 
solution  on  the  same  plot  as  illustrated  in  Figure  2.  Then,  assuming  an 
average  stress  intensity  of  10  KSI  in,  the  values  of  da/dN  for  each 
environment  were  read  off  and  converted  to  corrosivity  factors  using  the  above 
formula.  Since  3  1/2%  NaCl  is  a  more  corrosive  environment  than  100%  humidity, 
the  factor  for  a  salt  water  environment  would  be  greater  than  1.  Conversely, 
for  a  dry  environment,  the  factor  is  less  than  1. 

Using  Dr.  Summitt's  data  for  Air  Force  bases  (1),  each  base  was  assigned  a 
set  of  corrosivity  factors  corresponding  to  its  environmental  conditions. 
Factors  were  calculated  for  7075-T6  and  7075-T73  aluminum,  and  for  4340  and 
300M  steel.  These  were  included  in  the  computer  programming  in  such  a  manner 
that,  when  a  specific  Air  Force  base  is  designated,  the  appropriate  factor  is 
automatically  used  in  the  calculation. 

Tracking  Points 

The  C-5  crack  monitoring  program  now  in  use  at  Oklahoma  City  ALC,  Tinker 
Air  Force  base  tracks  46  theoretical  cracks  (4).  Figure  3  shows  the  location 
of  seven  of  these  points  which  have  been  selected  for  use  in  the  initial 
predictive  corrosion  modeling  computer  program. 

1.  Nos  629  and  425  -  spanwise  splices  on  the  lower  wing  surface 

2.  Nos  525  and  325  -  spanwise  splices  on  the  upper  wing  surface 

3.  No  761  -  skin  on  the  upper  fuselage 

4.  No  818  -  panel  splice  on  the  vertical  stabilizer 

5.  No  852  -  spanwise  splice  on  the  upper  surface  of  the  horizontal  stabilizer 


GENERAL  CORROSION 

Damage  functions  for  metals  in  contaminated  environments  frequently  follow 
the  general  model 

M  =  Atb 

where  M  is  the  metal  loss  by  corrosion,  t  is  exposure  time,  and  A  and  b  are 
empirical  constants  determined  by  the  environmental  conditions,  the  metal 
involved  and  the  type  of  corrosion  product  on  the  metal. (5) 

The  exponent  b  theoretically  takes  on  the  value  of  approximately  1/2  when 
corrosion  is  limited  by  the  diffusion  rate  of  the  reactive  species  through  a 
semi -permeable  film  of  reaction  products.  This  would  be  the  case  for  most 
aluminum  alloys.  When  the  corrosion  products  are  flocculant  or  soluble  and 
offer  no  protection,  as  is  generally  true  for  steel,  linear  corrosion  kinetics 
are  observed  and  b  =  1 . 
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FIGURE  3.  LOCATION  OF  CRACK  MONITORING  POINTS  ON  C-5A  AIRCRAFT 
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The  literature  search  revealed  only  scattered  data  for  the  corros1  .  of 
aircraft  alloys  in  the  range  of  environments  encountered  by  aircraft.  It  was, 
therefore,  necessary  to  conduct  corrosion  tests  with  some  of  the  more  widely 
used  alloys  in  solutions  with  compositions  simulating  those  of  condensate  and 
rainfall  encountered  by  aircraft  under  service  conditions.  Using  linear 
regression  mathematical  techniques,  the  laboratory  test  results  and  the  data 
from  the  literature  were  used  to  determine  the  constants  A  and  b  for  specific 
alloys  and  environmental  conditions. 

These  constants,  summarized  in  Figures  4a  and  4b,  are  being  used  in  the 
predictive  corrosion  computer  program.  When  a  specific  Air  Force  base  is 
called  out,  the  program  automatically  uses  the  constants  and  equation  which 
correspond  to  the  environmental  conditions  at  that  base. 

COATING  DEGRADATION 

The  external  surfaces  of  most  Air  Force  aircraft  are  completely  painted. 
Except  in  the  case  of  mechanical  damage  and  initial  defects,  the  time  required 
for  fuselage  and  wing  structure  to  corrode  is  the  coating  degradation  time  plus 
the  corrosion  time.  In  his  study  of  environmental  conditions  at  Air  Force 
bases,  Summitt  (1)  analyzes  the  factors  involved.  His  basic  coating 
degradation  algorithm  is  presented  in  Figure  5. 

The  environmental  factors  which  cause  the  breakdown  of  coating  systems  are 
ultraviolet  radiation,  ozone,  and  sulfur  dioxide.  By  establishing  threshold 
values  for  the  intensity  of  ultraviolet  and  for  concentrations  of  ozone  and 
sulfur  dioxide,  this  algorithm  enables  the  rating  of  bases  for  their  effect  on 
paint  systems.  An  "A"  rating  represents  high  values  of  UV  and  atmospheric 
contaminants.  A  "B"  rating  represents  intermediate  values  and  a  "C"  rating, 
low  values.  This  algorithm,  combined  with  Lockheed  data  on  the  service  life  of 
various  coating  systems,  provides  a  good  basis  for  determining  coating  life. 

In  the  predictive  corrosion  modeling  project,  the  time  to  initial  breakdown 
of  the  coating  system  is  more  important  than  the  time  to  completely  repaint  an 
aircraft.  By  the  time  a  paint  system  has  degraded  to  the  point  where 
repainting  is  desirable,  an  extensive  amount  of  corrosion  damage  may  have 
occurred.  It  is  strongly  recommended  that  more  emphasis  be  placed  on  the 
touchup  and  repainting  of  worn  or  damaged  areas.  For  this  type  of  paint 
renewal  maintenance.  A,  B,  and  C  in  the  algorithm  will  represent  12,  24,  and  36 
months.  A  complete  repainting  operation  should  take  place  at  every  third  paint 
renewal  interval. 

COMPUTER  PROGRAM 

The  computer  program  provides  a  fully  integrated  method  of  predicting  crack 
growth,  corrosion  damage,  or  coating  degradation  for  C-5  aircraft  in  a  variety 
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FIGURE  4a.  ENVIRONMENTAL  CONSTANTS  FOR  CORROSION  EQUATIONS 
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FIGURE  4b.  ENVIRONMENTAL  CONSTANTS  FOR  CORROSION  EQUATIONS 
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of  environments.  The  flow  diagrams  for  the  VAX- 11  FORTRAN  computer  program  are 
illustrated  in  Figures  6  and  7.  The  program  contains  three  modules  -  the  first 
calculates  the  remaining  effective  life  of  the  coating  system,  the  second 
module  predicts  the  length  of  any  fatigue  crack  which  may  be  present,  *"i  the 
third  calculates  the  remaining  effective  life  of  the  paint  system.  When 
completed,  the  program  will  convert  the  data  obtained  into  optimum  time  to  next 
inspection  and  will  select  specific  scheduled  maintenance  times  for  doing  the 
corrosion  repair  or  paint  renewal. 

In  its  present  form  the  program  is  to  be  used  in  conjunction  with  the  C-5 
and  C-141  crack  monitoring  programs  and  useage  tapes  which,  for  each  aircraft, 
give  a  record  of  the  bases  of  operation,  the  flight  dates,  flight  durations, 
and  the  total  mission  hours. 

To  run  the  program  we  first  enter  the  type  of  aircraft  and  the  tail 
number.  Next,  we  specify  the  type  of  corrosion  being  investigated  -  coating 
degradation,  fatigue  corrosion,  or  general  corrosion.  If  we  are  interested  in 
checking  possible  crack  growth  in  a  specific  part  of  the  aircraft,  we  specify 
the  location  of  the  crack,  the  alloy  involved,  and  the  theoretical  crack  length 
at  the  last  check. 

We  then  input  the  Air  Force  bases  where  the  aircraft  has  been  since  the 
last  check,  and  the  ground  and  flight  time  at  each  base,  and  the  crack  length 
predicted  by  the  C-5  crack  monitoring  program.  For  any  given  aircraft,  the 
historical  information  is  extracted  from  the  C-5  log  tapes. 

When  the  program  is  run,  the  output  tells  us  the  total  crack  length,  and 
the  number  of  flight  hours  remaining  until  the  crack  reaches  half  its  critical 
length. 

If  the  coating  degradation  module  had  been  used,  the  output  would  have  told 
us  the  remaining  time  until  the  next  paint  renewal  or  repaint  operation. 

The  general  corrosion  module  output  gives  the  days  remaining  to  corrode 
exposed  metal  to  a  depth  of  3  mils.  This  depth  of  corrosion  damage  was 
selected  because  it  can  be  readily  detected  and  also  easily  repaired. 

Since  each  of  these  modules  will  give  a  different  time  interval  until  the 
next  optimum  maintenance  operation,  it  is  now  necessary  to  match  the 
recommended  inspection  intervals  with  the  maintenance  operations  already 
scheduled  for  the  aircraft.  This  will  be  accomplished  in  a  final  module  which 
will  then  specify  the  work  task  to  be  done  at  each  of  the  scheduled  inspection 
and  maintenance  times. 

VALIDATION  OF  COMPUTER  PROGRAM 

The  validation  of  the  crack  growth  module  is  being  accomplished  by 
comparing  analytical  crack  growth  lengths,  adjusted  for  environmental 
conditions  during  the  test  period,  with  actual  crack  growth  in  the  test  article 
used  in  the  C-5A  modified  wing  structural  test  evaluation  (6).  During  this 
test  a  modified  wing  was  subjected  to  multiple  stress  spectra  representing  the 
loading,  takeoff,  flight  and  landing  of  a  C-5A  aircraft.  This  test  was 
initiated  in  June  of  1981  and  continued  through  December  of  1982. 

Approximately  100  cracks  were  deliberately  initiated  by  making  sawcuts  in  the 
wing.  The  growth  of  the  cracks  was  tracked  throughout  the  test  period. 


•  AIRCRAFT  MODEL  AND  NO. 

•  TYPE  OF  CORROSION 

•  LOCATION  ON  AIRFRAME 
•ALLOY  INVOLVED 

•  TIME  AT  EACH  AF  BASE 


Analytical  crack  lengths  were  calculated  through  the  use  of  the  C- 1  crack 
monitoring  program  which  utilizes  NASTRAN's  finite  element  analysis  methods  for 
computing  stresses  at  selected  points  on  the  aircraft  structure. 

The  crack  lengths  predicted  by  the  C-5  crack  monitoring  program  are  based 
on  laboratory  fatigue  crack  growth  data  obtained  at  lOOZ  relative  humidity 
conditions.  In  the  predictive  corrosion  model,  this  value  is  corrected  for 
variations  in  actual  humidity  and  for  the  presence  of  salt  water  in  the 
environment.  There  was  no  salt  water  involved  in  the  C-5  wing  test  so  only  the 
variations  in  humidity  were  considered. 

Humidity  data  for  the  Atlanta  area  during  the  test  period  were  obtained 
from  the  National  Climatic  Center  at  Asheville,  North  Carolina.  Figure  8  lists 
the  average  temperature  and  average  humidity  for  each  month  during  the  test 
period. 

Crack  growths  generated  by  the  predictive  corrosion  model  were  compared 
with  actual  measured  crack  growth  for  the  following  locations  on  the  modified 
C-5A  test  wing: 

1.  629-2A 

Flaw  629-2A,  illustrated  in  Figure  9,  was  initiated  in  outer  wing  lower 
surface  panel  No.  6.  This  flaw  is  in  a  typical  outer  wing  spanwise  splice 
fastener  hole  in  an  area  close  to  the  runout  of  panel  No.  6. 

The  black  squares  show  the  actual  growth  of  the  crack  during  the  test 
period.  The  upper  solid  line  shows  the  growth  predicted  by  the  C-5  crack 
monitoring  program.  This  line  indicates  a  more  rapid  crack  growth  than 
actually  occurred.  However,  when  C-5  crack  monitoring  results  were 
corrected  for  the  environmental  conditions  which  existed  during  the  test 
period,  the  predicted  crack  length  value  almost  coincided  with  the  actual 
values . 

2.  IWBRS  174 

Flaw  174,  illustrated  in  Figure  10,  was  initiated  in  inner  wing  lower 
surface  panel  No.  5.  It  was  a  corner  flaw  in  an  open  drain  hole.  In  this 
instance  the  crack  lengths  predicted  by  the  C-5  crack  monitoring  program 
tracked  the  actual  crack  lengths  very  closely.  When  corrected  for  humidity 
conditions,  the  predicted  were  slightly  less  than  the  actual  values. 


The  next  flaw,  illustrated  in  Figure  11,  was  initiated  in  inner  wing  lower 
surface  panel  No.  1.  It  was  cut  in  a  typical  spanwise  splice  fastener 
location  in  the  splice  between  Panels  No.  1  and  2. 

The  plot  of  predicted  crack  lengths  vs.  actual  crack  lengths  shows  the 
uncorrected  predictions  to  be  higher  than  the  actual  growths.  The  points 
for  the  corrected  lengths  agree  more  closely  with  the  actual  lengths. 
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FIGURE  8 


AVERAGE  HUMIDITIES  AND  TEMPERATURES  DURING  C-5  WING  TEST 


MONTH 

AVERAGE 
TEMPERATURE 
(degrees  F) 

AVERAGE 

HUMIDITY 

June 

81.3 

65% 

July 

82.2 

68% 

August 

77.7 

75% 

September 

72.4 

71% 

October 

60.2 

73% 

November 

54.1 

64% 

December 

39.1 

70% 

January 

38.5 

72% 

February 

47.4 

70% 

March 

56.5 

63% 

April 

58.4 

61% 

May 

72.5 

62% 

June 

76.3 

67% 

July 

79.1 

76% 

August 

77.5 

76% 

September 

70.5 

72% 

October 

62.7 

71% 

November 

53.7 

71% 

December 

49.9 

76% 
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4.  425CP 


Figure  12  shows  the  location  of  Flaw  425CP.  This  was  in  inner  wing  lower 
surface  panel  No.  5  in  the  area  where  the  panel  is  attached  to  the  mid  beam 
lower  cap.  Again,  the  solid  line  representing  the  C-5  crack  monitoring 
predictions  show  greater  crack  lengths  than  actually  occurred.  The 
corrected  values,  indicated  by  the  circles,  are  closer  to  the  actual 
values . 

5.  615SS 

The  location  of  Flaw  615SS  was  in  the  outer  wing  lower  surface  panel  No. 

4.  As  illustrated  in  Figure  13,  the  flaw  was  initiated  at  a  spanwise 
splice  fastener  hole.  The  predicted  crack  lengths,  corrected  for 
environmental  conditions,  are  very  close  to  the  actual  crack  lengths  but  on 
the  conservative  side. 


DISCUSSION 

In  summary,  a  predictive  corrosion  modeling  program  has  been  developed 
which  will  give  optimum  inspection  and  maintenance  scheduling  for  the  major 
types  of  crack  growth,  corrosion  damage,  and  coating  degradation  problems  which 
occur  on  C-5  aircraft.  Specific  aircraft  can  be  quickly  checked  for  potential 
crack  growth  in  critical  areas,  for  probable  corrosion  damage  to  exposed 
structural  alloys,  or  for  the  condition  of  the  aircraft  coating  system. 

The  results  of  the  crack  growth  validation  demonstrate  that  the  predictive 
corrosion  modeling  program,  used  in  conjunction  with  the  C-5  crack  monitoring 
program,  will  enable  more  accurate  predictions  of  fatigue  crack  growth  than  can 
be  obtained  from  the  C-5  crack  monitoring  program  alone. 

The  validation  of  the  general  corrosion  predictions  is  in  progress. 
Corrosion  predictions  for  selected  areas  on  the  C-5  wing  and  fuselage  are  being 
compared  with  plots  of  Corrosion  Control  Manhours  vs.  Time  in  Months  for  those 
locations.  It  is  anticipated  that  there  will  be  a  significant  increase  in 
manhours  when  corrosion  of  exposed  metal  to  a  depth  of  3  or  more  mils  occurs. 

The  predictions  of  the  paint  degradation  module  will  be  compared  with  the 
paint  touch  up  and  repaint  histories  of  selected  C-5  aircraft. 

The  final  task  will  be  to  determine  the  feasibility  of  modifying  current 
maintenance  activity  control  systems  to  include  the  predictive  corrosion 
modeling  program.  The  impact  of  making  these  changes  will  be  estimated  from 
the  standpoint  of  cost  of  incorporation  and  cost  increases  or  decreases  of 
maintenance  activity,  as  well  as  improvement  in  operational  readiness  of  the 
aircraft. 


CONCLUSIONS 

1.  A  VAX-11  computer  program,  which  will  predict  corrosion  damage  and  fatigue 
cracking  of  aircraft  alloys  and  the  degradation  of  aircraft  coating  systems 
in  a  variety  of  environments,  has  been  developed. 


2.  The  predictive  corrosion  modeling  program  will  enable  optimum  inspection 
and  maintenance  scheduling  for  the  major  types  of  crack  growth,  corrosion 
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FIGURE  13.  ANALYTICAL  VS.  TEST  DEMONSTRATED  CRACKGROWTH  AT 
FLAW  615SS. 
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damage,  and  coating  degradation  problems  which  may  occur  on  C-5A  aircraft. 


3.  The  program  can  be  readily  modified  for  use  on  the  C-141,  C-130,  B-52  and 
other  aircraft  fleets  which  have  crack  monitoring  programs. 

4.  The  implementation  and  use  of  the  predictive  corrosion  modeling  program 
will  minimize  unnecessary  inspections  and  will  enable  corrosion  damage  to 
be  prevented  or  repaired  at  minimum  cost. 
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ABSTRACT 


In  1983  Alcoa's  Davenport  Works  initiated  a  statistically  designed  experiment 
to  evaluate  effects  of  metal  processing  on  thick  plate  metal  quality.  An 
outgrowth  of  this  program  has  been  a  breakthrough  in  quality  and  resultant 
property  improvements  that  can  be  exploited  for  fatigue  and  fracture  critical 
structures.  This  paper  describes  the  statistical  quality  control  effort,  and 
gives  evidence  of  the  improved  capabilities  typical  of  recently  produced  high 
quality  material. 


Among  conventional  mechanical  property  tests,  the  smooth  fatigue  test  is  shown 
to  be  the  most  discriminating  for  initial  metal  quality.  Data  are  shown 
correlating  longer  lifetimes  to  reduced  microporosity  size  in  the  improved 
plate.  Replicate  fatigue  tests  enable  definition  of  a  "characteristic" 
initial  flaw  size  distribution  which  can  serve  as  a  starting  point  for  flaw 
growth  analysis  and  life  management.  These  findings  are  discussed  relative  to 
initial  fatigue  quality  guarantees  and  compatibility  with  emerging 
U.S.  Air  Force  durability  analysis  methodology.  In  summary,  it  is  shown  that 
the  combination  of  more  discriminating  testing  and  a  superior  product  offers 
considerable  promise  for  reliability  improvement  in  aircraft  structural  designs 


of  the  future. 


Key  Words:  aluminum;  statistical  quality  control;  quality  assurance  testing; 

nondestructive  inspection;  mechanical  properties;  fatigue;  fracture; 
aerospace;  structural  integrity;  reliability;  maintainability;  life 
management 
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INTRODUCTION 

Future  aircraft  designs  will  reflect  more  stringent  reliability  demands  to 
contain  mounting  costs  associated  with  maintenance  and  downtime  (1-5).  A  survey 
of  United  States  Air  Force  (USAF)  logistic  and  maintenance  centers  revealed  that 
most  structural  durability  problems  are  the  result  of  cracking  (6). 

Consequently  during  design,  assurance  is  sought  that  the  structure  will  not 
crack  excessively  in  service  leading  to  functional  impairment  affecting  the 
aircraft  readiness  (2-5,7-11).  Durability  design  begins  with  quality  of  the 
starting  material.  Under  fatigue  loading,  for  example,  surface  scratches, 
inclusions  or  micropores  can  greatly  accelerate  the  crack  initiation  process, 
and  though  cracks  emanating  from  these  origins  are  not  an  immediate  safety 
hazard,  they  affect  structural  maintenance  requirements. 
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Al-Zn-Cu-Mg  alloy  7050  was  developed  by  Alcoa  to  provide  a  superior  combination 
of  strength,  stress  corrosion  resistance  and  fracture  toughness,  particularly  in 
thick  plate  sections.  Since  the  mid-1970s  Alcoa  has  supplied  millions  of  pounds 
of  thick  7050-T7451  plate  for  fatigue  and  fracture  critical  aircraft  structures, 
such  as  fuselage  bulkheads  and  wing  box  applications.  In  1983,  Alcoa's 
Davenport  Works  implemented  a  statistical  process  control  experiment  with  the 
objective  of  improving  quality  and  engineering  characteristics  of  3  to  6-inch 
thick  7050-T7451  plate.  While  the  current  product  was  capable  of  meeting 
existing  aircraft  material  specifications,  improvements  were  sought  to  satisfy 
the  higher  integrity  needs  of  future  applications. 

In  carrying  out  this  investigation,  smooth  coupon  fatigue  testing  coupled  with 
post-test  fractography  was  used  to  characterize  members  of  the  microflaw 
population  with  the  greatest  likelihood  of  originating  detectable  cracks  in 
service.  This  promising  technique  is  appropriately  sensitive  and  well  suited 
to  the  needs  of  emerging  USAF  guidelines  for  reducing  cracking  problems  in 
metallic  aircraft  structures  (3-5,8,11,12). 

Though  the  effort  described  in  this  paper  focuses  on  aluminum  alloy  7050  thick 
plate,  the  statistical  quality  control  and  fatigue  test  methodologies  utilized 
are  transportable  to  other  high  strength  aluminum  alloy  systems.  As  a  result, 
the  7050  alloy  quality  improvements  demonstrated  herein  have  also  benefited 
other  2XXX  and  7XXX  aluminum  plate  alloy  systems. 
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STATISTICAL  QUALITY  CONTROL  EXPERIMENT 

Wliile  not  new  conceptually  (13-15),  statistical  quality  control  tools  have  not 
been  incorporated  extensively  in  problem  solving  methodology  at  the  plant  level. 
Once  the  commitment  to  improving  quality  had  been  established,  the  first  task 
was  to  determine  where  to  start.  Process  improvement  opportunities  on  the  shop 
floor  are  seemingly  unlimited,  so  five  process  variables  considered  to  be  most 
critical  were  selected  for  initial  investigation  using  a  statistically  designed 
experiment . ( *  1 

A  statistically  designed  experiment  provides  the  means  of  separating  the  "vital 
few"  process  variables  from  the  "trivial  many"  (16).  For  this  experiment,  a 
2^  1  fractional  factorial  (five  variable,  two-level)  design  was  selected, 

Figure  1.  This  design  assures  that  all  main  effects  and  two-factor  interactions 
are  clear  and  not  confounded  with  other  main  effects  and  two-factor  interactions 
(17).  A  total  of  twenty  runs  were  performed  for  the  experiment-sixteen  for  the 
design  and  an  additional  four  replicated  at  the  midpoints  to  provide  a  measure 
of  experimental  error.  About  300,000  pounds  of  metal  was  produced  for  the 
twenty  run  experiment.  The  experiment  proved  successful  in  that  it  identified 
the  most  significant  process  variables. 

Following  completion  of  the  designed  experiment,  efforts  were  directed  at 
bringing  the  variables  into  a  state  of  statistical  control.  Figure  2  is  a 
composite  Shewhai t  run  chart  (15)  showing  the  relative  values  of  a  significant 
process  variable  before  and  after  incorporating  the  quality  control  effort.  As 
shown,  the  mean  level  (x)  was  lowered  by  60  percent,  and  the  variation  as 
defined  by  the  upper  and  lower  control  limits  (UCL  and  LCL,  respectively)  was 
reduced  3.4  times.  This  activity  was  repeated  many  times  over,  and  as  quality 
improvements  were  realized,  additional  process  variables  were  targeted  for 
statistical  control. 


(*)Statistical  quality  control  efforts  focus  on  the  current  process,  making 
improvements  through  reduction  in  variation.  The  focus  of  this  paper  is  on 
the  measurable  improvements  resulting  from  this  effort,  and  mention  of 
specific  process  variables  is  avoided  in  the  interest  of  maintaining  the 
proprietary  advantage  this  commitment  has  achieved. 
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QUALITY  IMPROVEMENTS 


Process  improvements  are  directly  reflected  by  improvements  in  the  product  (15). 
While  some  improvements  were  realized  following  the  breakthrough  achieved  from 
the  initial  effort,  quality  improved  progressively  over  time  as  new  variables 
were  brought  under  control.  As  a  result,  some  quality  and  engineering 
characteristic  improvements  were  immediately  apparent,  while  others  became 
evident  only  after  additional  process  improvements  were  made. 

Ultrasonic  Inspection 

Ultrasonic  indications  in  thick  plate  correlate  to  the  degree  of  microporosity 
present.  One  of  the  first  benefits  realized  from  the  quality  improvement  effort 
was  the  elimination  of  Class  B  (18)  indications . ( * 1 

In  May  of  1985  this  improvement  led  to  a  new  guarantee  that  Alcoa  would  no 
longer  furnish  plate  with  Class  B  indications,  and  that  all  plate  for  aerospace 
applications  would  meet  Class  A  inspection  limits.  Even  with  the  acceptance  of 
the  tighter  Class  A  limits,  ultrasonic  inspection  recovery  continued  to  improve, 
exceeding  99  percent  for  the  past  three  years.  While  ultrasonic  inspection  does 
not  present  a  total  picture  of  the  micropore  distribution  it  does  portray  the 
"worst  cases"  comprising  the  distribution  tail.  The  quality  improvement  as 
determined  through  the  Class  frequency  present  in  the  distribution  tails  is 
shown  graphically  in  Figure  3.  In  1981,  the  average  7050-T7451  plate  lot 
sampled  contained  0.8  Class  A  indications  and  4.8  Class  AA  indications.  By 
1985,  the  distribution  tail  had  shifted  to  the  point  that  the  average  lot 
sampled  contained  no  Class  A  indications  and  only  0.02  Class  AA  indications.  As 
such,  it  is  evident  that  7050-T7451  plate  Class  AA  inspection  can  now  be 
guaranteed  upon  request.  More  recently,  Class  AA  capability  has  been 
demonstrated  for  all  Alcoa  plate  alloys  with  controlled  fracture  toughness 
requirements  for  aerospace. 


(*)Ultrasonic  classes  for  single  discontinuity  response: 

Class  Response 

AA  3/64  in.  Any  discontinuity  with  an  indication  greater  than  the 

A  5/64  in.  response  from  a  reference  flat-bottom  hole  of  the  size 

B  8/64  in.  given  (diameter)  is  not  acceptable. 


Reduction  in  the  degree  of  centerline  microporosi ty  with  time  has  been  verified 
by  an  internal  quality  check.  Since  1976,  Alcoa  has  performed  a  separate 
ultrasonic  scan  for  aerospace  alloys  in  thick  gauges  (>3  inches),  where  rolling 
may  be  insufficient  to  heal  microporosity.  The  scan  consists  of  inspection  for 
a  continuous  response  at  the  mid-plane  (location  of  greatest  microporosity) 
using  a  3/4-inch  diameter  5  MHZ  crystal  set  to  100  percent  response  of  a  Class  A 
test  block.  An  internal  response  limit  of  15  percent  was  selected  as  a  means  of 
ensuring  plate  integrity.  (This  limit  is  much  tighter  than  that  of  MIL-STD-2154 
(18),  which  states  that  loss  of  back  reflection  exceeding  50  percent  shall  be 
cause  for  rejection.)  Following  the  quality  control  efforts,  Alcoa's  internal 
inspection  limit  was  lowered  to  2  percent  (threshold  for  detection)  to  reflect 
the  improved  product  integrity. 


Fluorescent  Penetrant  Inspection 


The  reduction  of  plate  centerline  microporosity  was  also  verified  by  fluorescent 
penetrant  response.  Prior  to  incorporating  the  quality  effort,  banding  of 
centerline  penetrant  indications  was  generally  noted  in  thick  plate.  For  6-inch 
thick  plate,  the  band  would  be  centered  on  the  mid-thickness  (T/2)  plane  and 
approximately  1-inch  wide.  Following  the  quality  control  effort,  the  band  was 
no  longer  evident,  and  the  indications  present  were  distributed  throughout  the 
thickness. 


Mechanical  Properties 


The  first  production  runs  of  7050-T7451  thick  plate,  following  quality  control 
improvements  implemented  in  1984,  shoved  a  dramatic  shift  in  both  the  mean  and 
variation  of  short  transverse  elongation  values.  The  mean  increased  from  the 
historic  level  of  3.8  percent  to  4.8  percent — a  26  percent  increase,  while  the 
lower  95-99  percent  limit  increased  from  2  percent  to  3  percent--a  50  percent 
increase.  Over  the  same  time  span,  tensile  and  yield  minimum  strength  values 
increased  by  1  to  4  ksi,  and  minimum  fracture  toughness  values  increased  1  to 
5  ksi  /in.  These  improvements  have  been  documented  (19)  and  are  being 
incorporated  a.s  revisions  to  AMS-4050D  (20),  MIL-HDBK-5  (21),  as  well  as  to 
customer  specifications. 


FATIGUE 


Most  early  life  fatigue  failures  originate  from  preexisting  defects. 

Preservice  inspection  attempts  to  reduce  both  the  magnitude  and  severity  of 
these  flaws.  However,  traditional  nondestructive  methods  are  suspect  for  the 
more  demanding  microdefect  screening  required  by  new  aircraft  and  engine 
structural  durability  guidelines  (3-5,8,11,12).  Over  the  years  much  effort  has 
been  devoted  to  characterizing  fatigue  behavior  using  statistics  of  extreme 
values  (22-25).  A  rationale  behind  these  studies  is  that  materials  contain 
weakening  flaws,  and  though  the  flaw  size  spectrum  may  be  wide,  the  fatigue 
process  seeks  out  the  dominant  flaw  (weakest  link).  Therefore,  controlling  the 
distribution  of  all  flaws  is  not  as  important  as  controlling  size  of  the 
largest  flaws  (the  extreme  values).  The  smooth  axial  fatigue  test  is 
appropriately  sensitive  for  quality  screening  because  the  failure  process  seeks 
out  the  weakest  microstructural  feature  (26).  The  test  is  also  simple  and 
relatively  inexpensive,  thereby  making  it  attractive  for  use  in  a  production 
environment. 

Figure  4  shows  that  smooth  fatigue  lifetimes  of  7050  plate  increase 
progressively  with  thickness  reduction.  Added  rolling  to  thinner  plate  gages 
facilitates  healing  of  preexisting  micropores.  Fractures  associated  with  the 
7050  plate  data  revealed  that  failure  for  the  heavier  plate  gages,  in  all  cases, 
originated  from  a  micropore  located  at  or  just  beneath  the  specimen  surface; 
e.g.,  Figure  5.  Consequently,  the  fatigue  quality  screening  focused  on  samples 
fiom  the  T/2  mid-thickness  location  where  micropore  concentration  is  greatest  in 
heavy  gage  plate  (5. 0-5. 9  inch).  Fatigue  specimens  were  oriented  in  the  long 
transverse  test  direction  so  that  loading  would  be  normal  to  the  elongated 
direction  of  the  micropores.  After  some  preliminary  testing,  a  3.5  ksi  minimum 
to  35  ksi  maximum  cyclic  stress  range  was  selected  to  produce  failures  in  a 
reasonable  time.  Early  in  the  investigation,  broken  specimens  were  examined  in 
an  attempt  to  correlate  fatigue  life  and  size  of  the  microvoid  at  the  failure 
origin.  Figure  6  shows  data  established  for  commercial  plate  lots  fabricated 
from  1984  to  1985.  The  micropore  size  corresponding  to  the  plotted  data  is  the 
maximum  pore  dimension  measured  from  an  SEM  photograph  of  the  specimen  fracture 
(dimension  "a"  of  Figure  5,  for  example).  As  expected,  longer  fatigue  lifetimes 
tend  to  be  associated  with  the  smaller  micropore  origins,  and  Figures  6  and  7 


show  that  1985  process  improvements  successfully  diminished  occurrence  of  larger 
micropores  responsible  for  early  failures  in  the  1984  material.  Fatigue  testing 
is  now  a  part  of  Alcoa's  process  monitoring  strategy  for  thick  7050  plate,  and 
the  cumulative  experience  given  in  Figure  8  shows  the  quality  improvement  since 
implementation  of  this  practice.  Quality  has  improved  to  the  point  that  the 
majority  of  specimens  tested  from  1986  to  date  survive  an  arbitrary  160 
kilocycle  truncation  imposed  to  shorten  test  times  for  production  material  lot 
release. 

Fatigue  crack  growth  tests  in  accordance  with  ASTM  E647  (27)  were  also  conducted 
to  determine  the  effect  of  microporosity  degree  on  crack  propagation  behavior. 
Comparable  growth  rates  (da/dN)  were  obtained  from  specimens  removed  at  the  T/2 
location  of  various  ihickness  7050  plates,  Figure  9,  and  from  material  at  both 
the  T/2  (high  microporosity)  and  T/4  (low  microporosity)  locations  of  thick 
7050  plate,  Figure  10.  It  is  concluded  from  these  results  that  crack 
propagation  rates  are  insensitive  to  microporosity  degree  when  the  size  of  the 
crack  is  much  larger  than  the  scale  of  the  microstructure.  In  contrast,  the 
preceding  smooth  specimen  results  of  Figures  4,  6  and  8  imply  that  microporosity 
degree  has  significant  influence  on  crack  nucleation  and  early  stage  growth. 

QUALITY  IMPLICATIONS  ON  STRUCTURAL  RELIABILITY  AND  LIFE  MANAGEMENT 

Total  cost  of  ownership  is  becoming  more  important  in  selection  and 
qualification  decisions  on  aircraft  materials  and  manufacturing  processes  (1). 
When  averaged  over  the  life  of  a  part,  structure  or  entire  fleet,  maintenance 
and  downtime  costs  can  become  a  driving  force  for  change.  Consequently,  design 
and  diagnostic  life  management  strategies  are  needed  to  ensure  longevity  and 
safety  without  incurring  excessive  cracking  problems  over  the  design  life 
period.  Life  assurance  begins  with  controls  on  manufacturing,  since  life  and 
consistency  of  performance  are  quality  dependent.  The  conceptual  drawing  of 
Figure  11  illustrates  that  lifetime  to  grow  a  crack  to  size  "a"  can,  on  average, 
be  extended  and  be  reproduced  more  consistently  by  decreasing  size  of  the 
largest  preexisting  flaws. 

Aircraft  structural  durability  requirements  are  concerned  with  reducing  the 
probability  of  relatively  small  (0.0005-0.05  inch)  flaws  (of  whatever  origin) 
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growing  to  sizes  resulting  in  functional  impairment  and  high  life-cycle  costs. 
Analytical  procedures  for  predicting  fatigue  crack  exceedence  probabilities  as  a 
function  of  time  in  service  have  been  recently  developed  by  the  USAF  (8)  and 
verified  on  full  scale  structures  (4,5).  These  procedures  employ  probabilistic 
fracture  mechanics  and  correlate  structural  cracking  to  initial  fatigue  quality 
represented  as  an  equivalent  initial  flaw  size  (EIFS)  distribution  (3-5,8).  An 
equivalent  initial  flaw  is  a  hypothetical  crack  assumed  to  exist  prior  to 
service.  The  EIFS  distribution  can  be  back  calculated  from  smooth  coupon 
specimen  fatigue  lives  and  the  appropriate  crack  growth  rate  data  as 
conceptually  illustrated  in  Figure  12.  An  EIFS  versus  fatigue  life  curve 
calculated  in  this  manner  for  the  test  conditions  of  Figure  6  is  shown  to  fit 
the  actual  data  reasonably  well.  The  Figure  6  computation  assumed  a 
semi-elliptical  surface  crack  of  depth  a  and  length  2c  with  stress  intensity 
factor  given  by  the  solution  of  Raju  and  Newman  (28).  An  aspect  ratio  (a/c)  of 
0.8  was  chosen  since  it  approximates  the  equilibrium  shape  partial-thickness 
crack  of  a  uniformly  loaded  round  tensile  bar  (28,29).  It  has  been  observed 
repeatedly  in  the  literature  (30-33)  that  small  cracks  grow  faster  than  rates 
predicted  by  near- threshold  data  obtained  from  long  crack  specimens  of  the 
current  standard  ASTM  practice  (27).  For  simplicity  and  to  compensate  for  the 
small  crack  effect,  the  EIFS  curve  in  Figure  6  was  calculated  using  7050  growth 
rate  data  (R=0.1)  corrected  by  linear  extrapolation  to  low  da/dN  as  illustrated 
in  Figure  12.  Refinements  to  further  improve  the  computational  accuracy  of  the 
EIFS  model  are  presently  being  evaluated.  The  concepts  incorporated  into  these 
enhancements  are  described  elsewhere  (33-35)  and  are  outside  the  scope  of  this 
discussion. 

m 

The  main  point  to  be  emphasized  by  the  preceding  example  is  that  fracture 
mechanics  interpretation  of  smooth  fatigue  data  enables  quantification  of 
initial  (weakest  link)  microdefect  sizes  in  a  manner  that  is  totally  consistent 
with  new  USAF  durability  analysis  methodology  (3-5,8).  Once  determined,  the 
EIFS  distribution  can  be  viewed  as  an  initial  quality  characteristic  of  the 
material  or  the  manufacturing  process.  In  contrast,  life  is  dependent  on  a 
number  of  factors  including  load  history,  geometric  details,  and  the  material 
strength  and  toughness  properties.  Hence,  the  EIFS  distribution  can  serve  as  a 
starting  point  for  incorporating  quality  into  computational  design  and/or 


diagnostic  tradeoffs  based  on  required  lifetimes,  for  a  component,  aircraft  or 
entire  fleet,  Figure  13. 

SUMMARY 

Structural  reliability  and  maintainability  are  becoming  important  tradeoff 
considerations  in  design  of  advanced  metallic  aircraft.  To  meet  future  needs, 
improved  materials  and  quality  assurances  will  be  necessary  to  avoid  excessive 
costs  of  maintenance  associated  with  cracking  problems  in  the  field. 

Conventional  lot  release  testing  of  mechanical  properties  is  not  sufficiently 
discriminating  of  initial  metal  quality  in  relation  to  reliability  performance 
objectives.  Smooth  fatigue  testing  exhibits  a  level  of  discrimination  to 
quantify  material  reliability  in  terms  useful  to  design.  The  coupon  test 
lifetime  distribution  can  then  be  transposed  to  an  equivalent  initial  flaw  sii.e 
distribution  as  a  starting  point  for  flaw  growth  analysis  and  life  management. 
Thus  in  addition  to  use  for  warranty  of  metal  quality  and  consistency  on  a 
lot-by-lot  basis,  the  smooth  fatigue  test  gives  data  enabling  reliability 
assessment  of  well  designed  parts. 

A  quality  breakthrough  made  on  thick  7050-T7451  aluminum  alloy  plate  was 
demonstrated  with  respect  to  various  reliability  criteria  established  at  the 
material  producer  level.  The  statistical  quality  control  methods  adopted  on  a 
plant-wide  basis  at  Alcoa's  Davenport  Works  resulted  in  significant  improvements 
in  conventional  quality  indices  and  smooth  fatigue  specimen  test  results.  The 
demonstrated  combination  of  more  discriminating  testing  and  a  superior  quality 
product  offers  promising  new  options  for  incorporating  reliability  into  aircraft 
structural  designs  of  the  future. 
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APPLICATION  OF  DAMAGE  TOLERANCE 
TO  THE 

H-53  HELICOPTER 

George  J.  Schneider 
Sikorsky  Aircraft 


Background 

Sikorsky  Aircraft  has  been  under  contract  since  late  1982  to  investigate  the 
application  of  damage  tolerance  to  the  H-53  Helicopter.  This  program  has 
involved  identification  of  critical  structure,  usage  spectrum  evaluation,  loads 
evaluation,  detail  stress  analyses,  material  and  verification  testing,  and 
development  of  stress  intensity  solutions.  The  primary  objectives  of  the 
program  were  to  develop  a  computer  program  for  use  by  Sikorsky  and  Warner 
Robins-ALC  to  perform  crack  growth  analysis  of  helicopter  structure,  to  evalu¬ 
ate  crack  growth  in  a  select  group  of  rotor  and  airframe  structure,  and  to 
access  the  feasibility  of  damage  tolerance  force  management  for  the  H-53  Air 
Force  fleet. 

A  presentation  was  made  at  the  1984  ASIP  conference  to  provide  an  introduction 
to  this  program.  Since  then,  Sikorsky  has  completed  an  initial  crack  propaga¬ 
tion  analysis  of  a  select  group  of  rotor  and  airframe  structure.  The  purpose 
of  this  presentation  is  to  review  some  of  the  technical  issues  involved  in  the 
crack  growth  analysis,  to  present  some  of  the  analysis  results,  and  to  review 
conclusions  and  lessons  learned. 


Viewgraph  No.  1 


H-53  Helicopter 


The  H-53  helicopter  has  a  design  gross  weight  of  42,000  lbs.  The  main  rotor  is 
72  ft  in  diameter  and  has  a  normal  operating  speed  of  185  rpm  which  results  in 
a  centrifugal  force  at  each  blade  to  rotor  hub  attachment  of  84,000  lbs.  The 
tail  rotor  is  16  ft  in  diameter  and  has  a  normal  operating  speed  of  791  rpm 
which  results  in  a  centrifugal  force  at  each  blade  to  hub  attachment  of  35,000 
lbs.  The  rpm  of  the  rotors  is  relatively  constant  ranging  between  98%  to  108% 
of  normal  operating  rpm,  with  overspeeds  of  125%  in  autorotation  maneuver. 

The  pilot  controls  the  helicopter  through  collective  and  cyclic  sticks,  and  a 
rudder  control.  The  collective  stick  imparts  a  uniform  pitch  and  thereby  lift 
to  all  main  rotor  blades.  Since  the  main  rotor  is  a  fully  articulated  system 
(i.e.,  hinged  both  horizontally  and  vertically),  each  blade  will  rotate  at  the 
blade  to  hub  hinge  through  a  flapwise  angle  determined  by  the  vector  sum  of  the 
centrifugal  and  lift  forces.  The  blade  load  imparted  to  the  rotor  hub  is  then 
an  out-of-plane  load  with  both  an  in-plane  and  a  vertical  (or  lift)  component. 
The  uniform  lift  created  by  the  pilot’s  collective  stick  thus  provides  a 
vertical  lift  force  (or  thrust)  to  the  helicopter.  The  cyclic  stick  provides  a 
variable  pitch  to  the  main  rotor  blades  and  thus  imparts  a  forward,  sideward, 
or  rearward  thrust  to  the  aircraft.  The  rudder  controls  the  pitch  of  the  tail 
rotor  which  in  straight  level  flight  reacts  the  main  rotor  torque.  By  varying 
the  tail  rotor  pitch,  the  pilot  can  impart  yaw  motion  to  the  helicopter. 
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Viewgraph  No.  2 


Presentation  Summary 


The  topics  discussed  in  this  presentation  include  some  of  the  technical  issues 
in  the  damage  tolerance  evaluation,  some  initial  crack  propagation  analysis 
results,  a  comparison  of  safe-life  and  crack  propagation  evaluations,  and  a 
review  of  conclusions  and  lessons  learned. 

Viewgraph  No.  3  Usage  Spectrum  Variables 

Listed  are  the  important  variables  and  their  approximate  number  of  variations 
which  must  be  considered  in  defining  the  helicopter  usage  spectrum.  Also 
listed  are  examples  of  possible  flight  regimes.  As  may  be  seen,  the  definition 
of  a  helicopter  usage  spectrum  can  be  quite  complex  involving  a  large  number  of 
flight  regimes  and  a  large  total  number  of  variables  (over  5000).  In  current 
safe-life  (crack  initiation)  evaluations  worst  case  regime  severity,  c.g., 
g.w.,  and  altitude  are  normally  used,  thus  simplifying  the  usage  definition. 
This  may  not  be  entirely  appropriate  for  damage  tolerance  evaluation,  but 
additional  investigations  are  required  in  this  area.  In  the  current  flight 
data  recorder  being  developed  for  the  Air  Force  H-53  helicopter,  it  is  planned 
to  collect  data  on  all  the  variables  listed. 

The  issue  of  pilot  technique  is  of  considerable  current  interest.  Flight  test 
programs  involving  both  Sikorsky  test  pilots  as  well  as  military  pilots  of 
various  skill  levels  are  being  considered  due  to  concerns  that  pilot  skill  and 
technique  may  significantly  effect  flight  loads. 

Viewgraph  No.  4  Usage  Definition 

The  conventional  approach  to  defining  helicopter  usage  spectrum  is  in  terms  of 
occurrences  and/or  percent  time  for  each  flight  regime.  In  the  H-53  damage 
tolerance  assessment  program  an  early  decision  was  made  to  define  a  simulated 
real  time  usage  spectrum  out  of  concern  for  spectrum  sequence  effects  on  crack 
propagation.  This  real  time  usage  spectrum  was  defined  in  terms  of  mission 
segments  and  flight  conditions  which  is  apparently  a  carry  over  from  fixed  wing 
practice.  However,  it  is  now  believed  that  a  random  sequencing  of  helicopter 
loads  is  sufficiently  accurate,  and  that  it  is  more  important  to  accurately 
represent  the  important  variables  in  viewgraph  3.  It  is,  therefore,  planned  to 
use  the  conventional  approach  to  defining  helicopter  spectrum  in  H-53  flight 
data  recorders  and  future  damage  tolerance  evaluations  since  it  is  inherently 
simpler,  and  easier  to  incorporate  the  important  flight  variables. 

Viewgraph  No.  5  Main  and  Tail  Rotor  Structure 

The  primary  components  of  the  main  and  tail  rotor  head  assemblies  are  illu¬ 
strated.  The  structures  selected  for  damage  tolerance  evaluation  on  this 
contract  are  underlined. 

Viewgraph  No.  6  Some  Potential  Main  Rotor  Crack  Locations 

Potential  crack  locations  are  illustrated  in  the  cut  away  view  of  one  arm  of 
the  main  rotor  head  assembly.  As  may  be  seen,  the  crack  locations  are  diffi¬ 
cult  to  inspect  and  require  disassembly  of  the  rotor  head.  The  crack  locations 
evaluated  in  this  contract  are  noted  by  a  double  asteriskO'1"*) .  Potential  crack 
locations  on  the  tail  rotor  head  are  equally  difficult  to  inspect. 


Viewgraph  No.  7  Airframe  Structure  AnaLyzed 

The  airframe  structures  selected  for  damage  tolerance  evaluation  are  illu¬ 
strated.  All  structures,  except  the  transmission  support,  were  selected  based 
on  in-service  fatigue  crack  experience.  The  transmission  support  structure  was 
selected  due  to  its  primary  function  in  transferring  main  rotor  loads  into  the 
airframe . 

Viewgraph  No.  8  Measured  Flight  Loads  Data 

The  fatigue  loads  on  the  structures  selected  for  crack  growth  analysis  are 
usually  obtained  from  flight  test  measurements.  During  a  flight  test  program, 
each  flight  regime  is  flown  multiple  times.  During  each  regime  occurrence 
(run)  an  analog  loads  data  burst  is  recorded.  These  data  bursts  are  illu¬ 
strated  on  the  left. 

The  processing  of  each  data  burst  (run)  involves  an  assessment  of  the  dominant 
frequency  (i.e.,  harmonic)  in  the  analog  signal  and  digitizing  the  signal  to 
determine  all  load  peaks  and  valleys  at  this  frequency.  The  95%  or  maximum 
vibratory  load  and  its  associated  steady  for  each  data  burst  are  then  deter¬ 
mined.  Each  data  burst  (run)  is  then  conservatively  assumed  to  be  represented 
by  its  95%  or  maximum  vibratory,  which  are  plotted  as  illustrated  in  the 
center . 

As  shown  on  the  left  current  safe  life  fatigue  t  valuation  is  based  on  the  high 
envelop  95%  or  maximum  vibratory.  In  other  words,  it  is  conservatively  assumed 
that  the  high  envelop  vibratory  occurs  for  the  full  time  a  specific  regime 
occurs.  In  the  H-53  damage  tolerance  crack  growth  analysis,  the  full  range  of 
maximum  and  95%  loads  experienced  in  the  flight  test  program  were  used. 
Funding  is  now  being  pursued  with  WR-ALC  to  evaluate  the  effect  of  using  the 
actual  flight  test  cycle  count  data. 

The  correct  use  of  flight  test  loads  data  is  still  controversial.  The  choice 
of  high  envelop  data  for  current  safe  life  evaluation  is  due  to  the  uncertainty 
in  flight  loads  resulting  from  not  well  understood  day-to-day,  aircraft-to- 
aircraft,  and  pilot-to-pilot  variations.  Caution  will,  therefore,  be  necessary 
in  using  actual  cycle  count  data. 

Viewgraph  No.  9  Typical  Max/95%  Main  Rotor  Push  Rod  Loads 

Illustrated  is  a  typical  complete  set  of  95%  and  maximum  vibratory  loads  and 
associated  steady  loads  obtained  from  the  H-53  1983  flight  test  program  for  a 
main  rotor  push  rod.  Most  flight  regimes  represented  in  this  plot.  Level 
flight  loads  are  plotted  as  a  function  of  airspeed  (not  shown).  The  full  range 
of  loads  shown  in  this  plot  was  used  in  the  H-53  damage  tolerance  analyses, 
whereas  only  high  envelop  loads  are  normally  used  in  safe  life  fatigue  substan¬ 
tiation.  The  variation  in  load  for  a  specific  flight  regime  is  the  result  of 
many  factors  including  eg,  gw,  maneuver  severity,  and  maneuver-to-maneuver 
scatter . 


Viewgraph  Vo.  10 


H-53  Helicopter  Load  Frequencies 


As  discussed,  the  loads  in  helicopter  structure  are  normally  characterized  by  a 
dominate  frequency.  Rotating  structure  on  the  main  and  tail  rotor  heads 
normally  are  characterized  by  a  once  per  revolution  frequency  of  3.1  Hz  and 
13.2  Hz  respectively.  Stationary  structure  on  the  main  and  tail  rotor  heads 
and  local  airframe  support  structure  is  normally  characterized  by  a  q  per  rotor 
revolution  frequency  (r)  =  number  of  blades)  of  18.5  Hz  and  52.7  Hz,  respec¬ 
tively.  An  q  per  main  rotor  revolution  (18.5  Hz)  is  experienced  by  the  stabi¬ 
lizer  result!’';  from  main  rotor  down  wash,  and  some  airframe  tail  structure  is 
apparently  sensitive  to  a  3  Hz  first  mode  airframe  frequency.  As  noted  from 
this  and  previous  viewgraphs,  helicopter  structure  is  subject  to  fairly  high 
loads  at  high  frequencies  (3  to  53  Hz) . 

Viewgraph  No.  11  Stress  Analysis  -  Main  Rotor  Finite  Element  Models 

Stress  analyses  of  individual  structures  were  performed  to  relate  load  to 
stresses  a  long  potential  crack  paths.  Various  methods  of  stress  analyses  were 
used  including  boundary  element  and  finite  element  analysis.  Illustrated  are 
the  NASTRAN  finite  element  models  constructed  for  main  rotor  structure.  In 
general,  it  was  found  that  these  models  provided  basic  load  path  information, 
but  required  "rezoning"  to  obtain  accurate  stress  distributions  for  small 
surface  cracks  (.010  inch  deep). 

Viewgraph  No.  12  Stress  Magnitudes 

Steady  and  vibratory  stress  magnitudes  are  shown  for  one  main  rotor  and  two 
airframe  structures  to  indicate  the  severity  of  stresses  in  helicopter  struc¬ 
tures.  The  frequency  of  the  vibratory  stress  and  the  local  stress  concentra¬ 
tion  factor  are  also  presented.  As  noted  for  the  main  rotor  spindle,  the 
steady  stress  is  dominated  by  the  stress  produced  by  the  centrifugal  load. 
This  is  typical  of  main  and  tail  rotor  rotating  structure. 

Viewgraph  No.  13  Material  and  Verification  Tests 

Material  and  verification  tests  were  conducted  as  part  of  the  H-53  damage 
tolerance  contract.  Material  testing  was  performed  with  compact  tension 
specimens  and  emphasized  near  threshold  and  spectrum  effects.  Verification 
testing  was  conducted  on  notched  specimens  with  small  EDM  defects  in  the  notch 
to  investigate  surface  cracks  growing  in  nonuniform  stress  fields  under  con¬ 
stant  amplitude  and  spectrum  loads.  Analysis  test  correlation  is  in  progress, 
but  it  is  apparent  that  additional  testing  to  evaluate  small  crack  growth  rates 
(cracks  less  than  .020  inch  depth),  and  threshold  variability  and  retardation 
behavior  are  required. 

Viewgraph  No.  14  Crack  Propagation  Results  for  Rotor  Retention  Structure 

The  results  of  crack  propagation  analysis  for  10  crack  locations  on  mam  and 
tail  rotor  structure  are  presented.  The  bar  graph  indicates  the  cumulative 
percentage  of  the  10  crack  locations  which  would  provide  mean  crack  propagation 
times  greater  than  200-500  flight  hours  for  various  inspectable  crack  sizes 
from  .005  inch  to  .030  inch  deep;  i.e.,  if  an  inspection  procedure  could 
reliably  detect  .010  inch  deep  crack,  50%  of  the  10  crack  locations  (i.e.  5 


locations)  would  result  in  mean  crack  propagation  times  greater  than  200-500 
flight  hours.  It  should  be  recalled  that  these  crack  times  are  based  ~n  loads 
which  may  be  conservative  and  possibly  conservative  usage  spectrum.  However, 
the  results  due  indicated  that  reliable  NDI  of  .010  to  .020  inch  deep  cracks 
would  probably  be  required  to  achieve  reasonable  inspection  internals  for  a 
majority  of  rotor  structure. 

For  the  airframe  structures  evaluated  on  this  contract,  all  crack  propagation 
times  were  short  except  for  the  main  rotor  transmission  support.  The  trans¬ 
mission  support  structure  was  the  only  structure  evaluated  which  did  not  have  a 
service  history  of  cracks.  It  exhibited  good  damage  tolerance  capability  and 
is  considered  typical  of  most  airframe  structure.  The  few  problem  areas  (i.e. 
other  structures  evaluated)  may  require  design  modification  to  meet  damage 
tolerance  requirements.  However,  crack  growth  analyses  with  cycle  counted 
loads  rather  than  the  max  and  95%  loads  now  being  used  is  considered  necessary 
for  reliable  decisions  on  airframe  structure. 

Viewgraph  No.  15  Safe  Life  -  Crack  Propagation  Evaluation 

A  comparison  of  recently  published  safe  life  replacement  times  for  H-53  rotor 
structure  and  the  H-53  rotor  structure  crack  propagation  times  indicates  no 
consistent  trends,  i.e.,  components  with  long  safe  life  replacement  times  do 
not  necessarily  have  long  crack  propagation  times  and  vice-versa.  The  reason 
for  this  is  not  known,  and  it  is  somewhat  difficult  to  evaluate  due  to  the 
differences  in  safe  life  and  crack  propagation  analysis  illustrated  in  the  flow 
diagram. 

Viewgraph  No.  16  Technical  Conclusions 

Technical  conclusion  and  lessons  1  rned  are  itemized  and  are  fairly  self- 
explanatory. 

Viewgraph  No.  17  General  Conclusions 


General  conclusions  are  itemized  and  are  fairly  self-explanatory. 
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Individual  Helicopter  Tracking  Program  (IHTP) 

For  The 

MH-53J  Helicopter. 

John  G.B.  Oaniell 

Project  Engineer-  Diagnostics,  Sikorsky  Aircraft. 

Abstract 

The  cost  and  complexity  of  maintaining  aircraft  in  the  Air  Force  inventory  escalates  with 
time.  New  methods  are  required  to  increase  the  cost  effectiveness  of  fleet  aircraft 
maintenance  while  simultaneously  decreasing  down  time  and  improving  readiness  rates. 

A  system  is  being  developed  which  can  collect  details  of  usage  of  each  helicopter  in 
the  fleet  automatically.  The  resulting  data  base  can  then  be  used  in  conjunction  with 
analytical  processes  to  determine  component  inspection  intervals  using  Damage  Tolerance 
Assessment  (DTA)  techniques.  This  will  replace  the  present  assumption  of  one  universal 
usage  spectrum  for  all,  regardless  of  the  actual  usage  of  individual  aircraft. 

The  helicopter  peculiar  aspects  of  component  life  estimation  and  the  present 
methodology  will  be  reviewed.  The  new  system  will  be  described  and  the  process  involved 
will  be  outlined. 

Background 

The  need  to  identify  and  record  aircraft  usage  information  has  been  well  recognized  for 
a  number  of  years.  Early  efforts  began  many  years  ago  with  Vgh  recorders,  and  crew 
questionnaires,  to  obtain  fixed  wing  aircraft  data  and  obtain  some  insight  into  fatigue  life 
usage.  Since  fixed  wing  aircraft  designs  employ  relatively  damage  tolerant  structures  with 
built  in  redundancy,  an  inspection  frequency  that  bore  an  approximate  relation  to  crack 
growth  served  to  maintain  a  margin  of  safety.  The  subsequent  introduction  of 
microprocessors  using  digital  software  is  revolutionizing  operational  recording  systems  for 
fixed  wing  aircraft,  and  for  helicopters  too.  The  Air  Force  has  initiated  a  major  program  to 
upgrade  the  HH-53B/C  helicopter  fleet  to  a  new  configuration  designated  MH-53J.  This  will 
extend  the  service  life  of  this  aircraft  well  into  the  next  century.  Application  of  IHTP  to  this 
model  will  contribute  to  this  extension,  enhancing  safety  aspects,  and  helping  control  the 
cost  of  ownership. 

However,  applying  IHTP  to  helicopters  as  opposed  to  fixed  wing  poses  unique 
technical  challenges  because  the  two  types  of  aircraft  have  very  little  in  common,  apart  from 
the  fact  that  they  both  fly.  We  will  take  a  look  at  the  requirements,  some  of  the  major 
differences,  and  the  technical  approach  we  are  taking. 
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Figure  1 


The  Air  Force  has  specific  requirements  for  force  management  which  include  usage 
spectrum  monitoring  (USM),  and  Loads  and  Environmental  Spectra  Surveys  (L/ESS).  These 
requirements  are  primarily  written  for  fixed  wing  aircraft,  but  can  also  be  applied  to  rotary 
wing. 

Figure  2 

By  their  nature,  rotary  wing  aircraft  demand  a  different  approach  to  usage  monitoring, 
since  what  is  important  in  fixed  wing  is  often  secondary  in  rotary  wing,  and  vice  versa.  This 
figure  highlights  the  principal  differences.  The  predominance  of  periodic  loads  associated 
with  helicopter  flight  ,  a  very  minor  consideration  in  fixed  wing  operations,  is  one  obvious 
difference.  A  typical  load  cycle  for,  say,  a  C-141  aircraft,  is  a  complete  flight,  with  random 
loads  imposed  on  the  structure  by  gusts.  The  effects  of  these  gusts  on  the  structure  are 
dictated  by  the  gust  direction  and  velocity,  the  speed  of  the  encounter,  and  other  factors  such 
as  gross  weight.  If  we  consider  one  flight,  we  can  divide  it  into  segments  -  Take-off,  Climb, 
Cruise,  Descent,  and  Landing.  Each  flight  also  contributes  one  Ground  -  Air  -  Ground  (GAG  ) 
cycle.  Handled  this  way,  we  can  keep  reasonable  track  of  structural  life,  and  the  damage 
tolerant  nature  of  the  design  also  works  in  our  favor. 

On  the  other  hand,  the  "dynamic"  components  that  make  up  helicopter  rotor  systems  - 
main  rotor  shafts,  rotor  heads,  control  parts,  are  subjected  to  periodic  loads  during  the  the 
entire  flight,  and  redundant  design  is  not  practical.  Typical  helicopter  missions  do  not 
necessarily  fit  in  to  the  Climb/Cruise/Descent  pattern  just  described.  A  much  more  rigorous 
approach  is  therefore  required,  one  that  assesses  the  effect,  not  of  a  flight,  but  of  each 
maneuver,  since  mechanically  induced  vibratory  loading  that  changes  with  each  maneuver 
is  of  dominant  interest. 

The  nature  of  the  flight  test  program  for  a  helicopter  is  entirely  different  from  fixed  wing 
practice.  It  consists,  for  the  most  part,  of  structural  load  surveys.The  results  are  correlated  with 
structural  analysis,  and  fatigue  testing  of  parts  in  the  mechanical  test  laboratory.  Loads  are 
measured  in  flight  during  every  kind  of  maneuver  likely  to  be  encountered  in  service,  and  it  is 
fair  to  say  that  most  operational  flights  could  be  reconstructed  from  stringing  together 
maneuvers  flown  in  these  surveys.  This  is,  of  course,  the  ultimate  empirical  approach,  but  it 
has  served  us  well  in  the  absence  (up  to  now  )  of  precise  methods  of  analytically  inferring 
vibratory  loads  in  dynamic  components. 

Figure  3 

All  maneuvers  performed  by  helicopters  can  be  defined  as  flight  regimes.  Structural 
loads  measured  during  flight  test  as  described  are  related  to  regimes.  Accordingly,  if  we  can 
identify  the  regime,  we  can  derive  the  corresponding  loads. 


Figure  4 

This  figure  shows  how  analytical  and  ground  test  results  are  combined  wit^  flight  test 
data,  and  are  applied  to  a  usage  spectrum  based  on  general  and  conservative 
considerations  .  For  safety  reasons  this  must  be  biased  in  favor  of  the  most  severe  usage 
likely  to  be  encountered  but,  in  so  doing,  we  penalize  the  individual  helicopters  that  see  a 
less  severe  usage.  How  can  we  improve  the  picture?  One  obvious  improvement  would  be  to 
measure  the  individual  spectrum  and  compute  the  individual  part  life  expended.  Some  safety 
factor  on  life  calculated  in  this  way  must  still  be  retained,  but  even  so,  a  life  much  closer  to 
reality,  and  in  most  cases  an  increased  life,  will  be  obtained.  In  a  few  cases  a  shorter  than 
expected  life  may  be  found.  This  enhances  safety,  since  the  part  would  be  replaced,  and  the 
service  life  reduced  accordingly. 


Figure  5 

The  advent  of  the  microprocessor  based  flight  data  recorder  will  make  it  possible  to 
collect  individual  aircraft  data  and  accomplish  real  time  processing.  These  data  can  be 
downloaded  for  second  pass  analysis  later.  This  figure  shows  the  different  output  that  results 
when  a  recorder  is  substituted  for  the  original  usage  spectrum,  giving  individual  retirement 
times. 

Figure  6 

This  illustration  shows  the  equivalent  process  for  Damage  Tolerance  Assessment 
(DTA).  Since  it  is  very  likely  that  we  will  have  both  methodologies  -  Crack  Propagation  (DTA) 
and  Crack  Initiation  (Safe  Life  )  -  actively  in  use  together,  the  system  must  create  a  data  base 
usable  by  either.  We  will  now  look  at  the  arrangement  of  the  proposed  IHTP  system. 

Figure  7. 

The  input  to  the  recorder  consists  of  aircraft  sensor  data  in  analog  form.  These  data  are 
sampled  and  digitized  before  analysis  by  the  regime  recognition  algorithm.  This  algorithm 
identifies  the  current  regime  once  per  second  and  causes  a  single  memory  location  counter 
for  that  regime  to  be  incremented.  At  the  end  of  a  flight,  the  array  of  counters  represent  a 
complete  breakdown  of  that  flight  by  the  time  spent  in  each  regime.  This  technique  enables 
data  from  any  length  of  flight  to  be  stored  in  a  small  array  of  counters.  This  technique 
simplifies  the  post  flight  processing  to  a  level  easily  handled  by  an  IBM  or  similar  PC.  In  fact, 
the  Air  Force  has  selected  the  Zenith  Z  248  for  Squadron  use  and  IHTP  data  management 
would  be  only  one  of  the  tasks  it  could  perform.  Another  task  associated  with  this  program  is 
the  manual  input  of  inspections  performed,  and  the  results,  whether  or  not  they  were  cued  by 
IHTP  data. 

Data  from  each  Zenith  will  be  transmitted,  either  voluntarily  or  on  command,  to  the 
Aircraft  Retrieval  System  (  AIRS  )  VAX  11/780  mainframe  computer  situated  at  Warner 


Robins.  The  entire  MH-53J  data  base  will  be  resident  in  this  location.  It  will  be  accessible  to 
the  DTA  Lab.  VAX  11/785,  which  will  execute  the  DTA  Runstream  Program.  The  resulting 
inspection  interval  and/or  fatigue  life  data  will  then  be  transmitted  back  to  Atns,  and  back 
again  to  the  Zenith  units,  as  required.  The  AS1P  Manager,  Sikorsky  Engineering  Personnel, 
and  other  users  of  the  data  will  be  able  to  access  the  AIRS  data  by  means  of  terminals. 

Figure  8 

This  presents  an  idea  of  how  data  will  be  handled  by  the  system.  About  95  percent  of 
the  fleet  will  have  usage  spectrum  monitors  (  USM  ),  and  5  percent  the  L/ESS  monitor. 

Data  from  the  USM  will  be  periodically  downloaded  to  the  ground  processor  at  the 
Squadrons  and  thence  to  the  AIRS  data  base. 

L/ESS  data,  after  downloading,  is  processed  into  histogram  format  allowing  it  to  be 
compared  with  the  Sikorsky  flight  test  data  library.  Should  the  L/ESS  data  not  correlate 
acceptably,  separate  flight  testing  would  be  required  to  investigate,  and  obtain  new  data  to 
update  the  library.  However,  if  L/ESS  and  library  data  are  in  acceptable  agreement,  the  data 
base  for  that  particular  flight  pattern  or  mission  is  validated.  In  either  case,  from  that  point 
on,  USM  data  takes  over.  The  validation  process  is  a  combination  of  automatic  data 
processing  ,  hand  reduction,  and  Engineering  judgement.  The  AIRS  data  base  accumulates 
USM  statistics,  and  interfaces  with  the  DTA  Lab.  mainframe  which  operates  the  Runstream 
program. 


Figure  9. 

This  represents  a  typical  summary  plot  for  a  measurement  parameter  containing  all 
currently  available  edited  flight  test  data  to  be  entered  in  the  Test  Data  Library.  By  edited,  we 
mean  that  all  data  that  is  suspect  for  any  reason  (calibration  or  other  problems)  has  been 
removed.  The  left  hand  side  of  the  chart  represents  a  summary  of  all  data  from  accelerated 
flight  regimes  such  as  turns,  pullouts,  hovering  maneuvers,  control  reversals,  and  transient 
regimes  like  climbs,  or  autorotation.  Use  of  different  plotting  symbols  groups  data  by  such 
parameters  as  Gross  Weight,  C.G.,  or  maneuver  severity  such  as  turn  angle  of  bank  or  load 
factor.  The  right  hand  side  contains  data  from  steady  unaccelerated  flight.  The  line  labelled  E{ 
represents  the  endurance  level,  that  is,  the  vibratory  stress  level  above  which  the  the  part  will 
accumulate  fatigue  damage  giving  it  a  service  life  below  10,000  flight  hours.  This  life  is  the 
design  target,  and  any  part  with  a  safe  life  below  10,000  hours  is  said  to  be"  life  limited".  An 
equivalent  line  for  DTA  will  exist,  indicating  the  load  level  above  which  crack  growth  would 


Figure  10 


The  test  data  library  consists  of  120  such  summaries,  and  selected  ones,  shown 
shaded  and  pulled  out  to  the  side,  are  the  "Control"  parameters  which  will  be  'coorded  in  the 
L/ESS  data. 

Figures  11  &12 

Typical  histogram  outputs  are  shown,  the  first  of  which  is  from  L/ESS  data.This  will  be 
used  to  determine  load  levels  vs  regimes  for  library  comparison.  The  second,  from  USM  data, 
will  define  the  actual  flight  spectrum  of  the  individual  aircraft.  Of  course  it  will  be  possible  to 
extract  much  additional  operational  information  from  the  data,  and  a  full  programming  effort  to 
create  a  comprehensive  AIRS  data  base,  similar  to  that  already  in  place  for  the  C-141  and 
C-130,  is  planned. 

Future  Developments. 

The  design  of  the  system  will  lend  itself  to  further  development.  At  some  point,  once 
the  system  just  described  enters  service,  various  additions  could  include  an  incident  recorder 
with  a  crash  survivable  module  fed  with  selected  data  from  the  digital  recorder,  vibration 
monitoring,  and  routine  maintenance  data. 


Force  Management  Requirements 
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Flight  Regime  Recognition 


SYSTEM  BLOCK  DIAGRAM 


SYSTEM  FLOW  CHART 


Test  Data  Library  Format 
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Computerized  Test  Data  Library 


Typical  L/ESS  Data  Histogram 

Parameter:  Stationary  Scissors  Load  ( MRSTASC ) 
Regime:  Right  Turn  40  -  50  Peg.  AoB _ 
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FI 09  ENGINE  DESIGNED  FOR  TRAINER 
3.5  RAD/SEC  MANEUVER 


ENISIP  REQUIRES  RIGOROUS  DESIGN 
VALIDATION  AND  VERIFICATION 
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CONDUCTED  AT  NAPC  FACILITY 


BUILD  INCORPORATED  RUB  DETECTION 
ES  TO  MONITOR  ROTOR  DEFLECTIONS 


GYROSCOPI 


PHOTOELASTICITY  -  A  COST  EFFECTIVE  DESIGN  TOOL. 


■Jan  Cernosek  -  PhotoStrain 
formerly  Stress-Strain  Laboratories.  Inc. 
Dallas,  Texas 


Introduction . 


We  live  in  an  era  of  technological  crises.  Our  country  is  quickly 
losing  the  technical  supremacy  which  we  enjoyed  just  two  decades 
ago.  The  indisputable  indicator  of  this  situation,  an  enormous 
trade  deficit,  persists  no  matter  if  dollar  is  up  or  down.  The 
ultimate  judge,  the  customer,  turns  down  his  thumb  on  products  of 
our  companies.  Ross  Perot,  founder  of  Electronic  Data  System, 
wrote  in  the  Washington  Post  of  October  1987:  *We  are  losing  in 
international  business  competition.  In  1986  we  lost  our  position 
as  the  world  leading  exporter  and  we  had  a  trade  deficit  in 
high-tech  products,  supposedly  the  base  for  future  growth. 

We  blame  the  American  worker  unfairly  for  poor  quality  of 
our  products.  The  unsatisfactory  quality  and  appearance  of  many 
of  our  products  is  the  result  of  poor  design  and  engineering  -  not 
poor  assembly* . 

We  still  design  the  best  aircrafts  in  the  world.  But  the  warning 
signals  are  in  the  air.  Twenty  five  years  ago  we  manufactured  the 
best  cameras,  motorcycles,  TV  sets,  cars,  etc.  The  list  can  go 
forever.  Where  are  all  these  products?  It  does  not  make  any 
sense  to  drive  a  car  packed  with  electronic  gimmicks  but  powered 
by  a  pitiful  engine  with  specific  output  of  only  JO  to  38  hp/litre 
when  competition  is  powered  by  engines  with  50  to  70  hp/litre.  No 
wonder  the  Japanese  and  German  companies  are  grabbing  a  greater 
and  greater  portion  of  our  market. 

Just  fifteen  years  ago  we  started  the  engineering  revolution  by 
introducing  electronic  calculators.  Who  is  buying  the  US  made 
calculators  now?  Are  the  big  computers  next  to  fall  to  the 
competition? 

In  order  to  reverse  this  trend,  we  have  to  go  back  to  basic 
engineering.  High-tech,  no  matter  how  important  it  is,  will  not 
save  us.  We  need  to  spend  more  resources  and  efforts  on  design 
and  redesign.  The  old  proverb  “if  it  is  not  broken  do  not  fix  it“ 
does  not  apply  any  more. 


Stress  Analysis  in  design  procedure  -  finite  elements  methods. 


To  make  a  design  cycle  more  efficient  we  have  t-o  provide  the 
designer  with  early  feedback.  The  sTess  analysis  should  play  the 


640 


39 


prominent  role  in  this  task.  It  usually  takes  from  six  to  twelve 
months  to  get  a  part  from  the  drawing  board  to  the  .final 
acceptance  test.  If  the  component  fails  the  test.,  the  designer 
faces  a  difficult  task  “to  fix*  the  component  within  the  given 
envelope  because  all  other  mating  parts  have  been  already  designed 
and  sometimes  even  manufactured.  “Beefing  up“  the  part  is  the 
most  popular  corrective  action.  The  tight  schedule  usually 
prevents  any  attempt  to  make  the  part  more  efficient.  The  fear  of 
repeated  failure  leads  to  "overkilling"  which  results  in  weight 
problems,  so  frequent  in  aerospace. 

Thus,  the  accurate  and  reliable  stress  analysis  o.f  the  component, 
while  it  exists  only  in  “blueprint"  form,  should  be  of  utmost 
importance.  The  traditional  P/A  and  Mc/I  approaches  which  bring 
the  inevitable  “safety  coefficients"  are  no  longer  acceptable  in 
the  aircraft  design.  Numerical  methods  (especially  finite  element 
methods)  whose  development  was  closely  related  to  the 
affordability  of  digital  computers , were  thought  to  provide  a  "push 
buttom"  engineering  analysis.  After  years  of  using  them,  the 
original  exitement  was  replaced  by  more  somber  assessment  of 
capabilities  of  mathematical  modeling.  The  analyst  has  learned, 
sometimes  the  hard  way,  that  the  finite  element  methods  emphasize 
the  role  of  engineering  judgment  rather  than  diminish  it.  The 
numerical  solutions  depend  not  only  on  boundary  conditions, 
loading  conditions,  size  of  mesh,  and  type  of  elements  but  also  on 
the  inner  architecture  of  the  numerical  code  itself. 

Floyd  (1)  tried  to  compare  the  commercially  available  numerical 
codes  in  a  "round  robin*  problem  involving  a  relatively  simple 
pressure  vessel.  He  concluded  that  the  application  of  the  finite 
element  method,  if  not  compared  to  some  other  non  numerical 
approach,  could  lead  to  a  surprisingly  large  errors. 

Sometimes  the  behavior  of  mathematical  models  defies  logic.  Fig. 

1  depicts  a  simple  axisymetric  contact  problem.  In  order  to  model 
a  proper  contact  pressure  distribution,  the  "gap"  elements  were 
introduced  between  various  portions  of  the  structure.  The 
solution  (using  MSC  NASTRAN  numerical  code)  converged  despite  the 
erroneous  definition  of  stiffnesses  of  'gap'  elements  but  the 
displacements  of  various  portions  of  the  structure  were  comparable 
to  the  distance  from  the  earth  to  the  moon.  When  the  error  was 
corrected,  the  solution  diverged  until  the  specific  (10  lb) 
preload  was  introduced  into  the  “gap"  elements.  Why  t.he  solution 
converged  for  the  definite  preload  and  diverged  for  all  other 
preloads  was  a  mystery  even  to  the  "fathers"  of  this  numerical 
code . 

It  has  to  be  pointed  out  that  there  are  many  problems  which  have 
been  very  successfully  solved  with  finite  element  methods.  For 
every  "horror"  story  one  can  find  one  or  more  "success"  stories. 
The  finite  element  methods  seem  to  work  very  well  for  the 
analysis  of  airframe  structures  where  typical  structural  elements 
as  beams,  rods  and  thin  shells  are  used.  But  their  reliability 


is  not  so  good  when  their  extension  into  the  analysis  of  the 
continuum  is  considered.  The  performance  of  “solid”  elements  is 
questionable . 


Photoelasticity . 


One  method  which  is  capable  of  helping  designers  is 
three-dimensional  stress-freezing  photoelasticity.  This  is  not  a 
new  method.  Principles  of  photoelasticity  were  established  in 
the  last  century  when  British  physicist  C.  Maxwell  observed  the 
phenomenon  of  birefringence  induced  by  mechanical  stress  in  glass 
and  formulated  the  constitutive  equations.  The  first  engineering 
application  can  be  dated  to  1913.  The  major  breakthrough  in  the 
.industrial  application  of  this  method  came  in  1936  when 
scientists  working  at  the  University  of  Munich  in  Germany 
discovered  a  'stress-freezing'  phenomenon  in  polymers. 

In  stress  freezing  technique  the  model  of  the  component,  made 
from  special  optically  sensitive  material,  is  loaded  at  the 
elevated,  so  called  glass  transition  temperature  and  cooled, 
while  under  load,  to  room  temperature.  The  optical  anisotropy 
(birefringence)  induced  into  the  model  by  mechanical  stress 
remains  unchanged  even  if  the  load  is  removed  and  the  model  is 
sliced  into  thin  slices  which  are  examined  in  polarized  light. 
This  discovery  enabled  the  extension  of  photoe.lasticity  into  the 
analysis  of  a  three  dimensional  state  of  stress. 

The  stress-frozen  model  contains  the  information  about  stress  in 
every  point  of  a  geometrical  replica  of  an  actual  structural 
component.  The  information  is  'stored*  in  the  stress-frozen 
model  and  is  readily  available  for  decoding.  The  way  how  it  is 
done  depends  solely  on  the  goal  of  the  study.  This  is  what 
distinguishes  photoelasticity  from  all  other  methods  of  an 
experimental  stress  analysis.  It  can  be  compared  to  finite 
element  methods  but  it  has  the  advantage  of  boundary  condition 
being  established  by  physical  laws  rather  than  by  judgment  of  a 
stress  analyst. 

In  spite  of  this  exceptional  power  of  photoelasticity,  its  usage 
was  limited  to  the  solution  of  problems  of  the  basic  research 
(determination  of  coefficients  of  stress  concentration,  for 
example)  because  its  procedure  was  too  time  consuming  and, 
therefore,  expensive.  Models  had  to  be  machined  from  precured 
blocks  of  expensive  material  whose  machinability  was  very  poor. 
Thus,  the  industrial  applications  were  limited  to  project  which 
could  absorb  cost  of  this  analysis,  as  for  example  projects 
associated  with  the  nuclear  power  industry. 


A  considerable  effort  was  made  during  several  past  years  to 
transform  stress-freezing  three-dimensional  photoelasticity  into 
a  responsive  design  tool.  lls  methodology  was  completely 
reevaluated  with  time  being  a  decisive  factor. 

The  major  breakthrough  was  a  development  of  new  fast  curing  model 
material  which  enables  preparing  models  in  the  extremely  short 
time.  This  material  also  exhibits  an  excellent  machinability , 
comparable  to  that  of  aluminum.  The  new  mold  making  technique 
was  also  developed.  Both  these  accomplishments  made  casting  "on 
shape'  possible.  The  expensive  and  time  consuming  machining  of 
photoelastic  models  could  be  eliminated  or,  at  least,  very 
limited. 

The  process  of  three-dimensional  photoelasticity ,  as  being 
practiced  by  PhotoStrain,  is  quite  straightforward: 

The  model  is  fabricated  by  casting  'on  shape*.  The  mold  for 
casting  the  model  is  prepared  from  the  part  itself  or  from  the 
pattern  built  according  to  blueprint.  In  order  to  minimize  the 
cost  of  fabricating  the  pattern,  the  polymethylacrylimide  foam  is 
used.  This  foam  can  be  machined  in  very  close  tolerancies. 
Templates  can  be  used  as  cutters.  The  cutting  forces  are  so 
small  that  the  double  sensitive  tape  can  hold  this  material 
securely  to  the  table  of  the  milling  machine.  The  various  parts 
of  the  pattern  can  be  bonded  together  using  the  quick-setting 
epoxy.  Fillets  are  made  by  wiping-on  clay  using  tools  fabricated 
from  rubber  rods  with  machined  spherical  heads  of  required  radii. 
The  surfaces  of  the  pattern  fabricated  from  the  foam  are  filled 
with  wipe-on/wipe-off  filler  especially  developed  for  this 
purpose.  Figs.  ?a  to  2d  illustrate  the  fabrication  of  the 
pattern  of  the  component  of  the  helicopter  control  system.  This 
pattern  was  prepared  in  less  than  eight  hours. 

The  special  molds  to  cast  photoelastic  models  are  prepared  from 
these  patterns. 

The  general  requirements  of  these  molds  are  as  follows: 

a)  The  inner  surface  of  the  mold  has  to  have  excellent  releasing 
properties . 

b)  The  mold  has  to  be  designed  in  such  a  way  that  the  shrinkage 
of  model  material  during  polymerization  will  not  introduce 
cracking  or  residual  stress. 

c)  The  mold  has  to  be  rigid  even  at  elevated  temperature  in  order 
to  withstand  hydrostatic  pressure  of  the  material  without 
substantial  deformation. 

PhotoStrain  developed  a  unique  methodology  of  preparing  these 
molds.  The  mold  is  composed  of  two  layers,  an  elastic  cushion 
and  a  rigid  shell.  The  inner  elastic  cushion  is  formed  from 
especially  formulated  silicon  elastomer.  The  outside  rigid  shell 
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.is  formed  from  high- temperature  resistant  epoxy  resin.  This 
shell  provides  the  mold  with  geometrical  stability  while  an 
elastical  cushion  protects  the  casting.  The  mold  making 
procedure  is  very  simple.  A  coat  of  silicon  elastomer  is  brushed 
on  the  surface  of  the  pattern  with  a  stiff  brush.  When  silicon 
is  cured  into  a  solid  coat  exhibiting  an  aggressive  tack,  a  layer 
of  epoxy  is  brushed  onto  silicon.  Both  these  layers  fuse 
together  during  the  curing  of  the  mold. 

FhotoStrain  developed  a  unigue  fast  curing,  epoxy  based  material 
for  casting  “on  shape'.  This  is  the  only  available  model 
material  which  can  be  cast  in  large  quantities  into  molds  without 
developing  residual  stress  on  “as  cast*  surfaces.  Despite  that 
it  is  cured  by  low  reactivity  end  exhibits  negligible 
exothermicity ,  it  cures  overnight  and  exhibits  excellent 
machinability.  Thus,  the  model  can  be  cast  one  day  and  demolded 
and  machined  (if  necessary)  the  following  day. 

In  spite  of  the  excellent  machinability  of  this  material  which 
can  be  even  broached,  the  machining  is  usually  limited  to  contact 
surfaces.  Holes  are  also  rather  drilled  than  precast. 

The  finished  model  is  then  adjusted  into  a  loading  fixture  which 
enables  the  simulation  of  loading  which  is  experienced  by  the 
actual  component.  The  actual  loads  are  scaled  down.  A  typical 
scaling  factor  is  in  500  to  1000  range.  In  most  cases,  the  loads 
induced  by  dead  weights  are  adequate.  There  is  no  need  for  a 
sophisticated  hydraulic  loading  system  -  the  fact  which  also 
helps  t.o  keep  the  cost  of  the  analysis  down. 

The  stress  freezing  cycle  is  rather  simple.  The  model  is  heated 
to  the  elevated,  glass  transition  temperature  (270°F  for  this 
model  material),  loaded  and  cooled  slowly  to  room  temperature. 

At  glass  transition  temperature  the  model  material  experiences  a 
sudden  change  .in  mechanical  properties.  The  material’s 
thermodynamic  conformance  changes  from  glass-like  to  rubber-like. 
The  modulus  of  elasticity  changes  from  room  temperature  magnitude 
of  400,000  psi  to  a  rubber-like  magnitude  of  3000  psi .  The 
Poisson's  ratio  also  changes  from  0.36  to  0.5. 

The  cooling  gradient  must  be  small  enough  not  to  introduce 
thermal  stress  which  would  superimpose  onto  stress  induced  by 
loads. 

When  room  temperature  is  reached,  the  load  can  be  removed.  The 
deformation  and  the  birefringence  remain  “frozen"  in  the  model. 
The  deformation  can  be  easily  measured  if  the  stiffness  of  the 
component  is  also  of  some  interest.  This  deformation  is  "scaled 
up"  because  of  the  low  modulus  of  elasticity  of  the  model 
material  at  the  glass  transition  temperature. 

The  birefringence  which  also  remains  “frozen”  in  the  model  is  not 
disturbed  when  the  model  is  cut  into  thin  slices.  The  slicing  is 
done  on  a  special  high-speed  band-saw  cooled  with  compressed  air. 
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The  slices  are  examined  in  a  polariscope.  The  observed  fringe 
pattern  is  directly  related  to  the  mechanical  stress.  The 
normalized  fringe  order  (fringe  order  devided  by  the  thickness  of 
a  slice)  when  multiplied  by  a  constant  which  characterizes  the 
optical  sensitivity  of  the  model  material  is  numerically  equaled 
to  the  stress  in  the  model.  The  prototype  stress  is  determined 
by  multiplying  the  model  stress  by  the  load  scale  factor.  In 
typical  study,  up  to  one  hundred  slices  are  cut  from  the 
stress-frozen  model  and  stress  is  measured  in  up  to  six  hundred 
points . 


Figs.  3a  to  3e  follow  the  study  of  the  stress  distribution  in  a 
typical  component  of  a  helicopter  control  system.  In  this  study, 
the  mold  (Fig.  3a)  was  prepared  from  the  actual  component.  The 
part  was  removed  from  the  mold  after  its  curing  was  completed. 

The  part,  which  was  absolutely  undamaged  after  demolding  (curing 
temperature  of  the  mold  is  only  150°f)  ,  could  be  used  for  other 
tests  (for  example  a  fatique  test)  or  even  used  as  a  flying 
article.  After  removing  the  part,  the  mold  was  again  assembled 
using  irregularities  of  parting  lines  as  the  guides  (Fig  3b) . 
There  is  no  need  for  locks  or  pins  to  guide  various  parts  of  the 
mold.  Some  machining  was  done  on  the  model.  Because  of 
excellent  machinability  of  the  model  material,  there  is  no  need 
for  complicated  machining  fixtures  (Fig  3c) .  Fig.  3d  depicts  the 
component  in  a  stress-freezing  oven  after  completition  of  the 
stress-freezing  cycle.  Note  a  scaled  up  deformation  of  the 
component.  Fig.  3e  shows  two  models  of  this  component  -  one 
"stress-frozen"  and  the  second  in  the  undeformed  state. 


Twenty  four  slices  were  cut  out  from  the  model  and  stress  was 
measured  in  four  hundred  fifty  points.  The  cost  per  data  point, 
was  $8,52. 

The  chronology  of  the  study  was  as  follows: 


Working  day 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 

RESULTS 
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Fart  received  from  customer 

Fabrication  of  mold 

Fabrication  of  mold 

Casting  of  model 

Demolding,  machining  of  model 

Fabrication  of  loading  fixture 

Stress-freezing 

Stress-freezing 

Stress-freezing 

Slicing,  preparation  of  slices  for 
measurement 
Measurement 
Measurement 
AVAILABLE 


13 

Report 

14 

Report 

15 

Report 

16 

Report 

Figs.  4  to  6  demonstrate  complexities  of  the  parts  which  were 
sucessfully  and  cost-effectively  analyzed  by  three-dimensional 
photoelasticity . 


Conclusion . 


The  great  error  of  the  past  years  was  labeling  a  finite  element 
method  and  three-dimensional  photoelasticity  as  being  two 
competing  methods.  Where  finite  element  method  works 
exceptionally  well  (thin  walled  airframe  structures  -  for 
example) ,  photoelasticity  is  nearly  helpless  but  it  excells  in 
the  area  where  FE  has  to  use  solid  modeling  which  is  time 
consuming,  expensive  and  of  questionable  accuracy . 

Photoelasticity  and  finite  element  method  should  be  considered  to 
be  complementary  rather  than  competing  methods  of  stress 
analysis . 
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FINITE  ELEMENT  MODELS  OF  USAF  AIRCRAFT  STRUCTURES 


James  J.  Olsen 


Vipperla  B.  Venkayya 
Air  Force  Wright  Aeronautical  Laboratories 


INTRODUCTION 

Finite  element  analysis  is  at  present  an  industry  standard  for  the  analysis  and  design 
of  aerospace  structures.  Significant  resources  are  expected  to  be  allocated  for  developing, 
testing  and  validating  finite  element  models  (FEMS)  of  current  and  the  future  USAF 
aircraft.  The  premise  is  that  the  effective  use  of  finite  element  analysis  can  reduce  (not 
eliminate)  dependence  on  test  procedures  which  are  very  costly  both  in  time  and  resources. 
However,  there  is  a  lot  to  be  desired  from  the  way  industry  and  Government  organize  and 
perform  finite  element  analysis.  The  major  deficiency  is  the  lack  of  a  clear  definition  of 
the  analysis  objectives  and  tailoring  the  models  to  achieve  the  goals  in  a  most  economical 
and  reliable  way.  An  even  more  disturbing  fact  is  that,  at  present,  industry  developed 
finite  element  models  are  a  wasted  effort  as  far  as  future  utility  is  concerned,  because 
the  Air  Force  does  not  take  delivery  of  these  models  in  an  organized,  predictable  way. 
Hence,  various  potential  users  of  FEMS  throughout  USAF  do  not  know  if  and  where  the 
FEMS  exist  and  how  to  gain  access  and  use  them.  The  result  can  be  a  duplication  of 
developments  and  an  unnecessary  cost  to  the  USAF.  This  paper  explores  various  cost- 
effective  ways  of  taking  delivery  of  finite  element  model  data  and  establishing  procedures 
for  archiving,  communicating,  retrieving  and  validating  in  a  secure  environment.  It  also 


m 

m 


m 

I 

Sf 


liH 

m 


delineates  the  cost  and  performance  benefits  that  can  be  derived  during  the  life  of  an 
aircraft  by  maintaining  an  accurate  and  readily  available  library  of  finite  element  models 
of  USAF  aircraft. 

FINITE  ELEMENT  MODELS  AND  THEIR  PUAPOSE 

Aircraft  structures  are  generally  built  up  of  many  structural  elements  such  as  panels, 
beams  and  joints.  They  are  highly  articulated  and  consist  of  a  complex  arrangement  of 
spars,  ribs,  skins,  spar  caps,  rib  caps,  stiffeners  and  longerons  (see  figures  1-3).  Before 
the  advent  of  finite  element  analysis  aircraft  designers  made  gross  approximations,  such 
as,  representing  lifting  surfaces  by  equivalent  beams  or  plates  and  the  fuselage  by  beams. 
A  rod  and  shear  panel  representation  in  the  context  of  a  multi-cell  box  beam  is  the  most 
sophistication  that  was  available  before  the  era  of  general  purpose  finite  element  codes  like 
NASTRAN.  In  fact  even  the  finite  element  models  of  the  F-15  and  the  B-l  (circa  1970s) 
are  made  of  simple  shear  panels  and  rods. 

Aircraft  structures  are  too  complex  or  cluttered  (see  fig.  1)  to  be  represented  by  single 
continuum  models.  These  simple  models  do  not  provide  enough  accuracy  and  detailed 
strength  and  stiffness  information  necessary  to  design  modern  aircraft  where  the  per¬ 
formance  and  weight  requirements  are  extremely  stringent.  The  behavior  of  the  plates, 
beams, and  rods  from  which  aircraft  structures  are  constructed  is  governed  by  one  or  more 
differential  equations,  and  they  can  be  solved  with  strict  assumptions  of  continuity  and 
complex  boundary  conditions.  However,  when  they  all  come  together,  with  their  differen¬ 
tial  equations,  at  the  joints  it  is  impossible  to  establish  compatability  and  make  a  mean¬ 
ingful  analysis.  Finite  element  analysis,  on  the  other  hand,  allows  modelling  these  discrete 
structures  by  approximating  the  differential  equations  by  algebraic  equations  which  do  not 
normally  require  continuity  and  compatability  beyond  the  first  level.  Also,  it  is  easy  to 


represent  complex  boundary  conditions  in  simple  terms  in  a  finite  element  analysis.  An 
even  more  important  consideration  is  that  the  algebraic  equations  can  be  solved  very  effi¬ 
ciently  on  modern  digital  computers.  In  response  to  this  facility  and  flexibility  numerous 
public  domain  and  commercial  finite  element  analysis  codes  were  developed  during  the  60s 
and  70s.  They  are  used  extensively  for  the  analysis  of  aerospace,  mechanical,  civil  and 
marine  structures.  A  partial  list  of  frequently  used  finite  element  codes  are:  NASTRAN, 
ANSYS,  ABACUS,  ADINA  and  MARC.  Emphasis  in  the  1980s  is  on  the  development 
of  multi-disciplinary  preliminary  design  programs  such  as  ASTROS.  They  are  also  based 
on  finite  element  analysis.  In  addition,  they  will  have  extensive  optimization  capability. 
When  these  systems  are  fully  operational,  they  can  really  bring  the  impact  of  modern 
super  computers  to  the  design  office  in  an  unprecedented  way  in  order  to  improve  the 
performance  at  a  minimum  cost. 

The  purpose  of  a  finite  element  analysis  is  to  determine  the  performance  characteristics 
of  aerospace  structures.  The  strength,  stiffness,  and  static  and  dynamic  aeroelastic  prop¬ 
erties  can  be  estimated  quite  accurately  by  analysis  with  finite  element  models.  When 
the  physics  of  the  problem  is  well  defined  by  appropriate  elements, boundary  conditions 
(geometry)  and  loading  conditions  (flight  environment),  a  finite  element  analysis  can  be 
very  reliable  and  cost  effective.  The  cost  of  testing  can  be  significantly  reduced  by  pro¬ 
moting  quality  analysis.  This  approach  is  particularly  appropriate  now  because  of  the 
rapid  developments  in  super  computers  and  the  reduction  in  computational  costs.  If  all 
the  benefits,  such  as,  shorter  schedules,  number  of  parametric  studies  and  potential  for 
technology  transfer  are  added  up,  there  is  no  question  that  the  finite  element  analysis  is  an 
indispensable  tool  in  the  competitive  product  development.  Preliminary  design  systems 
like  ASTROS,  FASTOP,  ASOP  and  OPTSTAT  are  all  compatible  with  analysis  systems 
such  as  NASTRAN.  They  provide  challenging  opportunities  for  performance  improvements 
and  weight  and  cost  reductions  in  the  future. 
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FINITE  ELEMENT  MODELS  OF  USAF  AIRCRAFT 


There  are  many  airplanes  in  the  Air  Forces’  current  inventory.  It  is  a  tribute  to  the 
Air  Force  that  once  it  develops  a  successful  system  it  uses,  reuses  and  reuses  until  it  just 
about  falls  apart.  Examples  are  the  old  faithfuls:  B-52,  KC-135,  F-4,  and  C-130.  Similar 
usage  is  expected  from  more  recent  systems  such  as:  F-15,  F-16,  F-lll,  B-l,  C-5A,  C-17, 
A-10  and  others.  With  all  current  emphasis  on  life-cycle  costs,  repair  and  maintainability 
considerations,  future  systems  like  the  ATF  and  other  unmentionable  systems  are  expected 
to  be  used  even  more  intensely.  These  are  marvellous  but  extremely  complex  engineering 
systems.  Yet  the  Air  Force,  at  present,  does  not  have  an  orderly  and  coherent  way  of 
receiving  and  archiving  technical  data  for  lessons  learned  from  the  experiences  of  the  past. 
Industry  develops  the  finite  element  models  and  the  Air  Force  pays  for  them.  However, 
due  to  the  lack  of  standards  and  planning  it  does  not  require  the  contractors  to  deliver 
the  data  for  the  models  with  the  system.  Without  this  important  technical  data  it  is 
like  exploring  a  blind  alley  when  the  time  comes  to  adapt  the  systems  to  new  missions, 
add  new  weapons,  develop  new  derivatives  or  simpiv  evaluate  new  repair  and  maintenance 
procedures. 


The  need  for  this  technical  data  is  becoming  so  acute  that  there  is  not  a  single  month 
in  which  one  Air  Force  center  or  the  other  is  not  actively  looking  for  the  data  and  in  the 
process  wasting  countless  hours  and  resources.  There  were  instances  where  the  contractors 
were  willing  (charitable  enough)  to  give  a  3  to  4  inch  thick  paper  listing  of  the  finite  element 
data  but  refused  to  give  the  data  on  a  computer  tape  simply  because  it.  was  not  a  CDRL 
item.  In  the  first  place  the  Air  Force  paid  (probably  more  than  once)  for  the  development 
of  this  data,  and  it  would  probably  cost  less  than  $50  to  copy  it  on  a  computer  tape 
and  give  it  to  its  rightful  owner.  There  are  other  instances  where  four  different  Air  Force 
organizations  paid  for  the  same  airplane  data  with  minor  differences.  The  point  is  tha: 
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this  data  is  invaluable,  and  we  are  becoming  smart  enough  to  realize  it.  This  is  the  time 
to  think,  organize  and  develop  effective  standards  and  convince  the  system  program  offices 
(SPOS)  to  take  delivery  of  the  data  with  the  system.  Development  of  finite  element  models 
at  any  time  later  is  not  only  extremely  expensive  but  also  difficult  to  verify.  Finite  element 
models  of  typical  fighter  aircraft  can  cost  millions  of  dollars  to  develop  and  verify  from  the 
drawings.  The  fact  is  that  many  AFLC  and  AFSC  centers  are  buying  finite  element  models 
of  the  F-15,  F-16,  F-lll  and  A-10  after  they  have  been  in  the  inventory  for  a  number  of 
years. 


SBIR  PROGRAM  AT  AFWAL 

As  part  of  a  small  business  innovative  research  (SBIR)  program  AFWAL  initiated  a 
study  to  address  the  issues  of  developing  A  F  standards  to  take  delivery  of  the  finite  element 
model  data  and  the  feasibility  of  establishing  an  information  center  to  archive,  validate 
and  distribute  the  data  in  a  secure  environment.  The  current  practice  of  each  organization 
buying  or  developing  finite  element  models  as  the  need  arises  and  then  throwing  them  away 
is  not  only  wasteful  but  it  also  represents  a  lost  opportunity  for  technology  base  validation. 
There  are  far  too  many  Air  Force  systems  and  they  are  too  complex  for  any  Air  Force  unit 
to  undertake  this  task  on  a  voluntary  (using  its  own  budget)  basis.  An  industrially  funded 
information  center  is  probably  the  best  way  to  maintain  and  distribute  the  data.  However, 
the  intent  is  not  to  create  a  Goliath,  which  costs  more  to  feed  it  than  the  benefits  derived 
from  it.  The  SBIR  efforts  should  provide  estimates  of  the  comparative  costs  of  running 
such  a  center  and  the  benefits. 


NEED  FOR  TAKING  DELIVERY  OF  THE  ANALYSIS  MODEL 
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The  Air  Force  does  not  build  its  own  airplanes,  and  it  seldom  generates  the  finite 
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element  models  of  its  aircraft.  As  part  of  the  systems  program  office  (SPO)  contracts, 
contractors  develop  and  make  finite  element  analyses  to  show  the  adequacy  of  its  designs. 
Every  contract  for  a  new  system  requires  that  the  contractor  adhere  to  a  well  defined 
structural  design  criteria.  This  criteria  specifies,  among  ether  things,  the  strength,  stiftness 
and  aeroelastic  requirements  and  the  margins  of  safety  for  all  the  safety  related  items.  The 
contractor  must  show  by  analyses  and  tests  that  his  designs  do  satisfy  all  the  requirements. 
The  SPO  contract  provides  funding  for  all  this  verification.  So  it  appears  that  it  is  a  simple 
matter  for  the  SPO  to  include  the  delivery  of  the  finite  element  data  in  its  Contract  Data 
Requirements  List  (CDRL-AF  Form  1423).  Actually,  it  is  not  as  simple,  because  if  all  the 
data  becomes  a  CDRL  item,  then  the  contractor  has  to  make  a  serious  effort  to  assure  that 
the  data  is  correct.  In  addition,  the  contractor  must  show  that  sound  modeling  guidelines 
have  been  followed  in  the  generation  of  the  analysis  models.  Otherwise,  the  data  can 
become  a  liability  in  the  case  of  a  system  failure.  This  additional  burden  will  certainly 
increase  the  cost  of  the  analysis. 

With  hectic  schedules  and  tight  budgets  the  SPOs.  understandably,  are  reluctant  to 
assume  this  additional  responsibility.  However,  if  we  add  up  all  the  benefits  that  can  be 
derived,  during  the  life  of  the  system,  from  the  readily  available  finite  element  data,  it 
is  hard  to  believe  that  any  other  way  is  prudent.  For  example,  a  successful  system  stays 
in  the  Air  Force  inventory  for  20  to  30  years  .  During  this  time  many  changes  are  made 
to  the  system.  Now  derivatives,  new  weapon  systems  and  new  repair  and  maintenance 
procedures  all  need  the  analysis  data  of  the  baseline  system  not  only  for  assessing  the 
effect  of  the  modifications  but  also  to  check  the  safety  of  the  system.  An  even  more 
important  consideration  is  that  we  will  learn  to  take  analysis  seriously. 

The  aerospace  industry  has  built  many  successful  systems  over  the  years.  Much  of  this 
success  is  due  to  excellent  test  programs.  Every  system  development  cycle  includes  coupon 
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tests,  component  tests,  full  scale  static  and  fatigue  tests,  ground  vibration  tests,  wind 
tunnel  tests  and  flight  tests.  These  tests  are  enormously  expensive  and  time  consuming. 
When  only  one  or  two  systems  were  under  development,  it  was  possible  to  budget  for  all 
these  tests.  There  is  no  way  that  the  Air  Force  or  the  nation  can  afford  this  development 
cycle  for  all  SDI  space  systems,  National  Aerospace  Plane,  ATF,  ATB  and  who  knows  how 
many  other  systems  are  on  the  drawing  board.  Analysis,  using  finite  element  models  on 
modern  computers,  c?n  be  the  key  to  reducing  the  overall  development  costs.  Data  from 
systems  in  operation  is  invaluable  for  validating  the  new  technology  base  and  sharpening 
analysis  and  optimization  tools.  The  anticipated  long  term  benefits  are  too  compelling  to 
do  business  any  other  way. 


AF  ORGANIZATIONS  INTERESTED  IN  FINITE  ELEMENT  MODELS 

A  number  of  organizations  in  the  Air  Force  need  the  finite  element  models  in  order 
to  do  their  job  well.  The  AFLC  depots  need  this  information  to  evaluate  new  repair 
and  maintenance  procedures  and  for  modifications  to  add  new  weapons  systems.  Warner 
Robbins  AFB  needs  F-15  models,  Ogden  needs  F-16  models,  McClellan  is  buying  F-lll 
and  A-10  models  now  and  in  the  future  they  would  be  in  need  of  the  ATF  finite  element 
models.  Kelly  AFB  works  with  trainers  (T38)  and  other  systems  in  operation.  When  the 
job  is  done,  they  usually  throw  away  these  models  or  at  least  do  not  keep  them  in  a  form 
that  others  can  use. 

AFSC  organizations  such  as  ASD,  ASD-AFWAL,  4950th  Test  Wing,  Eglin  AFB,  the 
Flight  Test  Center  at  Edwards  (including  NASA  Dryden  at  Edwards)  need  these  models 
for  the  investigation  of  new  derivatives  and  new  stores  and  armaments.  For  example, 
there  are  four  different  derivatives  of  the  F-15,  and  a  fifth  one  is  being  studied  for  possible 
adaption  as  a  STOL  aircraft.  A  similar  number,  but  perhaps  not  as  many  derivatives,  is 
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being  proposed  for  the  F-16.  AFSC  laboratories  can  use  these  models  very  effectively  for 
technology  validation.  For  example,  validation  of  a  new  system  like  ASTROS  using  a  real 
operational  aircraft  such  as  the  F-15  or  F-16  can  establish  credibility  and  help  move  the 
new  technology  to  the  design  office.  There  are  other  organizations  from  SAC  which  will 
be  needing  analytical  models  of  the  Bl,  etc. 

The  4950th  Test  Wing  at  WPAFB  makes  extensive  modifications  to  accommodate  and 
test  new  avionics,  radom  and  other  surveillance  systems.  Flight  Tests  Centers  and  NASA 
Dryden  at  Edwards  AFB  need  the  FEM  data  to  confirm  the  adequacy  of  critical  flight 
safety  related  systems. 

SAFE  GUARDING  FINITE  ELEMENT  MODEL  DATA 

Finite  element  models  contain  extremely  valuable  information  about  the  most  sophis¬ 
ticated  aircraft  in  the  world.  The  purpose  of  organizing,  validating,  and  archiving  this 
data  is  for  the  future  use  of  Air  Force  units  and  their  contractors.  If  they  are  easy  for  us  to 
access,  they  can  be  just  as  convenient  for  our  adversaries  and  competitors  to  obtain  these 
models.  It  will  be  a  serious  matter  if  the  wrong  parties  get  hold  of  these  models.  This  is 
one  issue  that  the.SBIR  studies  will  address  in  depth.  It  appears  now  that  the  best  way 
to  protect  these  models  is  by  maintaining  them  on  a  single  central  computer  system  in  a 
binary  file  format  and  letting  the  users  access  them  on  a  strictly  enforced  need  to  know 
basis.  This  may  not  be  the  best  way  and  other  alternatives  must  be  investigated. 

STANDARDS  FOR  FINITE  ELEMENT  DATA 

Finite  element  model  data  is  just  useless  unless  sound  modeling  guidelines  are  followed 
in  generating  it.  A  thorough  understanding  of  the  data  and  the  procedures  for  validating  it 


against  the  real  structural  design  criteria  are  extremely  important  before  archiving  and  dis¬ 
tributing.  In  1985,  a  draft  Data  Item  Description  (DID)  was  prepared  by  AFWAL/FIBRA 
to  achieve  some  of  these  objectives.  This  draft  DID  is  attached  as  an  appendix  to  this 
paper.  This  DID  postulates  three  requirements  for  delivery  of  the  data.  The  purpose  of 
the  general  requirements  is  to  provide  a  concise  statement  of  the  problem  with  supporting 
data  to  explain  the  analysis  objectives.  The  second  item  is  the  analysis  data  requirements 
in  which  five  types  of  analysis  are  identified.  In  each  case  the  data  requirements  are  listed 
in  some  detail.  The  third  item  is  listed  as  other  requirements.  This  item  also  specifies  how 
the  data  should  be  supplied  to  the  government  regardless  of  what  program  the  contractor 
uses  in  making  the  analysis.  The  DID  does  not  recommend  for  or  against  any  particular 
program  and  allows  complete  freedom  to  exercise  creativity.  It  only  requires  that  the  data 
be  supplied  in  a  standard  format,  so  that  the  government  agency  does  not  have  to  dig  in 
to  proprietary  programs  in  order  to  understand  the  data.  This  DID  will  be  modified  and 
enhanced  when  the  SBIR  studies  are  completed. 

In  conclusion,  the  authors  firmly  believe  that  it  is  in  the  best  interest  of  the  Air  Force 
to  pursue  this  issue  vigorously  for  promoting  technical  excellence  as  well  as  for  stretching 
scarce  resources  (getting  bigger  bang  for  the  buck). 
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DATA  ITEM  DESCRIPTION 

Form  Approved 

OMB  No  0704-01M 
lap  Dttt  JunJO.  I9BS 

1.  title 

2.  IDENTIFICATION  NUMBER 

Data  for  Finite  Element  Models  of  Aerospace  Structures 

13.  DESCRIPTION/PURPOSE  "j 

This  report  describes  the  data  elements  and  the  format  of  the  finite  element  models  of 
aerospace  structures  to  be  delivered  to  the  Air  Force.  This  data  will  be  used  to  verify  the 
contractors  structural  analysis  and/or  to  determine  the  effects  of  future  modifications  (or 
changes)  to  the  structure  or  its  operational  conditions.  It  should  be  noted  that  not  all 
the  data  items  will  be  applicable  to  every  system.  The  applicable  items  will  be  identified 
on  a  CDRL  (DD  Form  1*123). 


4.  APPROVAL  DATE 
(YYMMDO) 


5  OFFICE  OP  PRIMARY  RESPONSIBILITY  (OPR) 


I  (r  DTK  REQUIRED  1 6b  OlDEP  REQUIRED 


7.  APPLICATION  /  INTERRELATIONSHIP 

The  finite  element  data  generated  for  verifying  the  structural  design  criteria  of  an 
aerospace  vehicle  (designed  and  paid  for  by  the  Air  Force)  should  be  be  the  property  of 
the  Air  Force  and  should  be  delivered  in  a  suitable  and  understandable  form  for  future 
use.  This  data  will  be  extremely  valuable  in  assessing  the  integrity  of  the  system  after 
modifications,  repairs  and  maintenance. 


I  a.  APPROVAL  LIMITATION 


1 10.  PREPARATION  INSTRUCTIONS 


|9«  APPLICABLE  FORMS 


I  9b  AMSC  NUMBER 


10.1  General  Requirements.  The  finite  element  data  supplied  in  response  to  this  CDRL  item 
must  accompany  a  problem  narrative.  This  narrative  must  Include  the  following  items: 

•  Configuration  version. 

•  Identification  of  the  documents  and/or  drawings  from  which  the  model  was  generated. 
Copies  of  these  documents  must  be  provided  if  they  are  not  available  to  the 
government. 

•  A  key  diagram  showing  the  location  of  the  component  being  modeled  in  relation  to  the 
rest  of  the  structure. 

•  A  brief  description  of  the  physical  phenomena  being  modeled. 

•  A  discussion  on  the  coarseness/fineness  of  the  grid  selected. 

•  A  rational  explanation  for  the  elements  selected  for  the  model. 

•  An  explanation  of  the  boundary  conditions. 

•  Materials  -  Identification  of  the  Mil  Standard  from  which  the  mechanical  properties 
were  derived.  Reasons  for  any  deviations  from  the  standard  properties. 

•  A  complete  description  of  the  flight  maneuvers  for  which  the  loading  conditions  are 
attributed. 

•  Planform  used  for  aerodynamic  analyses  showing  all  important  dimensions. 
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10.2  Analysis  Data  Requirements.  The  finite  element  analysis  models  are  classified  into 
the  following  five  categories: 

I.  Static  Analysis  Models 

II.  Dynamic  Analysis  Models 

III.  Aeroelastic  Analysis  Models 

IV.  Heat  Transfer  Analysis  Models 

V.  Acoustic  Cavity  Analysis  Models 

The  CDRL  will  call  for  the  specific  models  required. 

10.2.1  Static  Analysis  Model  Requirements.  A  static  analysis  basically  requires  a  good 
stiffness  representation.  However,  when  gravity  loading  or  inertia  relief  conditions  are 
specified,  a  good  mass  representation  is  also  required.  This  mass  representation  must 
Include  both  structural  and  nonstructural  mass  distributions.  The  finite  element  models  for 
static  analysis  must  consist  of  the  following  items  as  a  minimum. 

I)  Geometry  -  (as  appropriate) 

Grid  Point  Coordinates 
Element  Types 
Element  Connections 
Coordinate  Systems 

II)  Element  Properties  -  (as  appropriate) 

Thicknesses 
Cross-sectional  Areas 
Moments  of  Inertias 
Torsional  Constants 
Fiber  Orientations 

Other  properties  as  required  for  special  elements. 

ill)  Material  Properties  -  (as  appropriate) 

Isotropic 

Anisotropic 

Fiber  Reinforced  Composites 
Temperature  Dependent  Properties 
Stress  Dependent  Properties 
Thermal  Properties 
Damping  Properties 

Other  properties  as  required  for  special  problems, 
iv)  Boundary  Conditions  -  (as  appropriate) 


Single  Point  Constraints 
Multipoint  Constraints 

Partitioning  for  Reduction  or  Substructuring 


dynamic  aeroelastic  stability  (flutter  analysis),  and  the  details  of  the  method  (references) 
and  the  necessary  data  shall  be  provided  with  the  models.  Flutter  analysis  is  generally  an 
Iterative  process  and  oan  also  involve  more  than  one  flutter  mechanism.  There  are  often 
special  techniques  associated  with  the  flutter  analysis,  and  they  oan  be  defined  In  terms  of 
the  ranges  of  the  aerodynamic  parameters.  Such  data  shall  be  Included  in  the  aeroelastic 
models.  In  addition,  provisions  must  be  made  to  Include  the  effeots  of  the  rigid  body  modes 
on  the  flutter  model  (body  freedom  flutter).  If  It  is  anticipated  that  these  models  will  be 
used  for  aeroservoelastlc  analysis,  then  the  data  shall  be  provided  for  a  state  space  formu¬ 
lation.  Also  sensor  actuator  locations  and  their  range  of  operation  and/or  limitations 
shall  be  included  in  the  data.  In  addition,  a  flight  oontrol  system  block  diagram  shall  be 
provided  with  sufficient  information  to  define  all  transfer  functions  and  gains  using 
S-domain  variables  for  analog  systems  or  Z-domaln  variables  for  digital  systems.  The  units 
of  important  parameters  shall  be  provided. 

10.2. A  Heat  Transfer  Analysis  Models.  There  are  three  elements  to  heat  transfer  models: 
the  heat  conducting  medium,  the  boundary  conditions  and  the  heat  sources  and/or  sinks.  The 
data  requirements  of  the  heat  conducting  medium  are  similar  to  those  defined  for  static  and 
dynamic  analysis.  For  Instance  the  geometry  definition  Includes  the  grid  point  coordinates, 
element  types,  element  connections  and  coordinate  systems.  Elements  can  be  classified  into 
volume  heat  conduction  and  surface  elements.  The  element  type  designation  for  the  volume 
heat  conduction  element  is  generally  derived  from  the  degree  of  approximation  of  its  shape 
functions.  The  surface  elements  are  used  to  model  a  prescribed  heat  flux,  a  convective  flux 
due  to  the  difference  between  the  surface  temperature  and  the  recovery  temperature  or  local 
ambient  temperature,  and  radiation  heat  exchange.  Appropriate  material  properties,  single 
point  and  multipoint  boundary  conditions  and  description  of  the  heat  sources  (applied 
forces)  have  a  similar  correspondence  in  the  static  and/or  dynamic  analysis.  The  surface 
heat  convection  or  radiation  details  shall  be  provided  (through  surface  elements)  as  appro¬ 
priate.  The  response  variables  in  heat  transfer  analysis  are  generally  grid  point  tempera¬ 
tures  or  the  temperature  gradients  and  heat  fluxes  within  the  volume  heat  conduction 
elements  and  the  heat  flow  into  the  surface  elements.  Four  types  of  heat  transfer  analysis 
are  contemplated: 

I)  Linear  Steady-State  Response  Analysis 

II)  Linear  Transient  Response  Analysis 

ill)  Nonlinear  Steady-State  Response  Analysis 

lv)  Nonlinear  Transient  Response  Analysis 

It  is  often  necessary  to  adopt  special  techniques  for  obtaining  stable  solutions, 
particularly  in  the  last  two  cases.  The  data  pertaining  to  these  special  techniques  and  the 
limitations  of  the  nonlinear  algorithms  shall  be  fully  identified. 

10.2.5  Acoustic  Cavity  Analysis  Models.  Basically  there  are  three  elements  in  acoustic 
cavity  analysis  models:  the  acoustic  medium,  the  boundaries,  and  the  sources  of  excitation. 
The  acoustic  medium  model  shall  consist  of  grid  points  and  acoustic  elements  connecting 
these  grid  points.  The  response  variables  are  generally  the  pressure  levels  and  the  gradi¬ 
ents  of  the  pressures  (with  respect  to  the  spatial  variables)  at  the  grid  points.  So  for  a 
general  three  dimensional  acoustic  analysis  there  will  be  four  degrees  of  freedom  per  node 
(corresponding  to  four  response  variables)  in  an  acoustic  medium  model.  The  properties  of 
the  acoustic  medium  can  vary  with  the  temperature  and  pressure  distribution  and  density. 


The  boundaries  of  the  acoustic  model  can  be  solid  walls,  flexible  walls,  openings  in  the 
walls  and  walls  with  acoustic  material  which  can  be  represented  as  a  complex  acoustic 
impedance.  For  complicated  boundary  conditions  separate  finite  element  models  may  be 
necessary  in  order  to  derive  the  boundary  conditions  for  the  acoustic  model.  These  finite 
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v)  Loading  -  (as  appropriate) 


Static  Loads 
Gravity  Loads 
Thermal  Loads 
Centrifugal  Loads 

Other  loading  conditions  as  required  for  special  simulations. 

For  buckling  or  nonlinear  analysis  additional  Information  is  required  on  the  following 
items: 

*  How  the  nonlinear  matrices  are  derived. 

■  The  method  of  solution  for  the  nonlinear  problem. 

*  A  description  of  the  method  in  the  case  of  an  eigenvalue  analysis. 

10.2.2  Dynamic  Analysis  Models.  The  dynamic  analysis  models  require  1)  geometry,  11)  ele¬ 
ment  properties,  ill)  material  properties,  and  lv)  boundary  conditions  as  described  for  the 
static  case.  In  addition  an  accurate  nonstructural  mass  and  damping  representation  is 
required.  Generally  five  types  of  dynamic  analysis  are  contemplated. 

*  Normal  Modes  Analysis  or 

*  Complex  Eigenvalue  Analysis 

*  Frequency  Response  Analysis 

*  Transient  Response  Analysis 

*  Random  Response  Analysis 

In  the  first  two  cases  only  the  method  of  eigenvalue  analysis  and  the  frequency  (modes) 
range  of  interest  need  be  specified.  For  frequency  response  analysis  the  frequencies  of 
interest  must  be  specified.  For  transient  response  analysis  the  dynamic  load  must  be 
defined  as  a  function  of  time  or  must  be  provided  as  tabular  values.  For  random  response 
analysis  the  statistical  nature  of  the  input  (such  as  PSD,  Auto  Correlation)  and  the  . 
statistical  quantities  of  the  output  desired  must  be  specified.  In  addition  all  the 
Information  on  dynamic  reduction  and/or  modal  reduction  must  be  specified. 

10.2.3  Aeroelastlc  Models.  An  aeroelastlc  analysis  requires  mathematical  models  of  the 
structure  and  the  aerodynamics.  The  structure  is  generally  represented  by  finite  element 
models  (FEM).  The  requirements  for  the  structures  models  are  as  specified  under  static  and 
dynamic  analysis.  They  include  mass,  stiffness  and  damping  representation.  Both  structural 
and  nonstructural  mass  distributions  shall  be  included  in  the  mass  model.  The  aerodynamic 
models  are  generally  based  on  paneling  or  equivalent  methods.  The  requirements  of  the  aero¬ 
dynamic  models  are  those  of  the  panel  geometry  which  cover  all  the  lifting  surfaces  includ¬ 
ing  the  oontrol  surfaces,  the  empennage  (horizontal  and  vertical  tails)  and  canard  surfaces. 
The  fuselage  slender  body  and  Interference  panels  shall  be  modeled  to  represent  the  flow- 
field  adequately.  The  altitude  (air  density),  mach  number  and  other  relevant  aerodynamic 
parameters  must  be  specified.  The  details  of  the  aerodynamic  theory  and  the  limits  of  its 
validity  must  be  dearly  defined.  In  addition,  data  for  the  force  and  displacement  transfor¬ 
mations  from  the  structural  grid  to  the  aerodynamic  grid  (and  vice  versa)  shall  be  included 
in  the  aeroelastlc  models.  Two  types  of  aeroelastlc  analysis  are  contemplated.  Both  deal 
with  the  phenomenon  of  aeroelastlc  stability.  The  real  eigenvalue  analysis  is  the  basis  for 
determining  the  static  aeroelastlc  stability.  There  are  a  number  of  methods  for  determining 


•lament  models  are  based  on  solid  mechanics  and  their  data  requirements  are  similar  to  those 
described  for  the  static  and  dynamic  analysis  earlier.  The  acoustic  excitation  souroe  model 
•hall  have  Information  on  the  spatial  distribution  and  the  statistical  properties  (in  terms 
of  the  frequency  oontent)  of  the  noxse.  For  a  deterministic  case,  however,  definition  of 
the  forcing  function  Includes  the  magnitude,  phasing  and  frequency  along  with  the  spatial 
distribution.  The  acoustic  excitation  is  generally  given  as  velocity  or  pressure  applied  to 
the  medium  over  prescribed  surfaces  or  at  grid  points.  Zf  the  disturbance  is  from  meehanl- 
oal  sources,  separate  finite  element  models  of  the  sources  shall  be  supplied  as  required. 
These  models  are  also  generally  solid  mechanics  models  and  their  requirements  are  similar  to 
static  and  dynamic  analysis  models.  Generally  three  types  of  acoustic  analysis  are 
oontemplated. 

*  Eigenvalue  Analysis 

*  Steady-State  Solution 

*  Nonlinear-Analysis 

In  the  eigenvalue  analysis  the  acoustic  natural  frequencies  and  mode  shapes  are  determined. 
The  purpose  is  to  compare  the  natural  frequencies  of  the  cavity  with  those  of  the  forcing 
function  and  estimate  the  resonance  effects,  and  to  compare  the  natural  frequencies  to  the 
resonant  frequencies  of  any  structure  which  may  be  placed  in  the  cavity.  This  analysis 
provides  useful  information  for  design  changes  in  the  oavlty  either  by  altering  the  overall 
dimensions  or  by  introducing  noise  suppression  mechanisms  such  as  baffles  or  by ‘adding  noise 
suppression  material  to  introduce  aooustic  wall  impedance.  This  analysis  does  not  require 
•xpllcit  definition  of  the  forcing  function.  The  steady-state  solution  gives  the  response 
of  the  cavity  to  a  given  excitation.  This  analysis  can  be  in  the  time  or  frequency  domain. 
The  nonlinear  analysis  Involves  an  iterative  solution  when  the  properties  of  either  the 
cavity  or  the  acoustic  medium  vary  significantly  with  the  pressure  levels  and/or 
temperature. 

10.3  Other  Requirements. 

The  input  data  for  all  the  finite  element  models  must  be  provided  in  a  format 
compatible  with  the  latest  government  version  of  NASTRAN  (COSHIC/NASTRAN).  If  the  original 
analysis  was  made  with  another  finite  element  program,  the  data  shall  be  converted  to  the 
COSMIC/NASTRAN  format.  If  NASTRAN  does  not  have  compatible  elements  or  capability,  the 
elements  that  are  most  appropriate  must  be  identified  and  projections  must  be  provided  on 
the  expected  differences. 

In  addition  to  the  input  data  a  summary  of  output  results  (such  as  deflections, 
stresses,  frequencies,  etc.  at  critical  areas)  shall  be  provided  for  future  validation  of 
the  models.  Also  a  brief  description  of  how  these  results  were  used  to  satisfy  a  specific 
design  criteria.  A  set  of  undeformed  and  deformed  plots  of  the  structure  shall  be  provided 
with  all  the  finite  element  models. 


For  Details  Contact 

Dr.  V.  B.  Venkayya 
AFWAL/FIBRA 

Wright-Patterson  A  F  B,  OH,  45433 
513-255-6992 
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The  MAC  Form  89,  C-5  Aircraft  Fatigue  Tracking  Record,  is  utilized  to  record 
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The  MAC  Form  100,  Takeoff  and  Landing  (TOLD)  Card  Worksheet  (C-5),  is  utilized 
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The  AFTO  Form  781  A/K,  Maintenance  Discrepancy  and  Work  Document,  is  utilized 
to  record  aircraft  system  discrepancies  discovered  before,  during  and  after  flight, 
as  well  as  during  selected  maintenance  inspections. 
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Automation  of  usage  data  acquisition,  one  of  the  standard  forms  data,  was 
investigated  in  the  early  1970s;  however,  MADAR  capabilities  at  that  time  were  not 
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AUTOMATED  ANALYSIS  OF  MXU-553  FLIGHT  DATA 


Kurt  H.  Schrader 

Southwest  Research  Institute 
San  Antonio,  Texas 


As  part  of  the  Aircraft  Structural  Integrity  Program  developed  by 
the  U.S.  Air  Force,  different  types  of  aircraft  have  been  involved  in 
a  flight  data  recording  program  for  many  years.  San  Antonio  Air 
Logistics  Center/MMSA  contracted  with  Alamo  Technology,  Inc.,  to 
develop  software  for  analyzing  the  data  recorded  by  the  MXU-553 
equipped  aircraft,  for  generating  spectra  and  profile  information,  and 
to  display  the  resulting  data.  This  software  was  designed  to  process 
not  only  the  MXU-553  data  but  also  the  data  from  the  micro-processor 
recorders  being  developed  at  this  time.  Once  all  software  had  been 
written,  a  final  requirement  of  the  contract  with  the  Air  Force  was  to 
process  many  hours  of  MXU-553  data  and  report  the  results. 

The  programs  developed  for  SA-ALC/MMSA  are  summarized  in  the 
interaction  overview.  The  first  program  consists  of  a  compression 
effort  where  the  raw  MXU-553  data  is  converted  to  engineering  units  and 
compressed  to  retain  only  significant  flight  data.  This  process  is 
conducted  at  OC-ALC  and  the  compressed  tapes  are  sent  to  SA-ALC  for 
further  analysis.  (In  the  future,  this  effort  will  be  accomplished  by 
the  on-board  micro-processors.)  The  amount  of  compression  is  quite 
significant;  the  original  MXU-553  data  tape  from  an  aircraft  may 
contain  from  10  to  15  flight  hours  where  the  compressed  tape  can 
contain  approximately  1000  flight  hours.  This  compressed  flight  data 
is  processed  by  SA-ALC  using  the  Edit/Pre-analysis  program  which  allows 
for  tabular  and  graphic  display  of  data  and  editing  of  erroneous 
information.  The  final  program  permits  the  tabulation  of  spectra  and 
profile  information  and  is  named  S.O.U.P.  (Spectra  and  Operational 
Usage  Profile).  This  program  will  be  the  subject  of  this  presentation. 

All  programs  have  been  written  to  accept  data  from  four  MXU-553 
equipped  aircraft:  T-38;  F-5E/F;  T-37;  and  OA-37.  However,  the 
programs  are  modular  in  nature  so  that  aircraft  can  be  added  in  the 
future. 

The  S.O.U.P.  program  was  designed  to  run  on  SA-ALC' s  VAX  11/780 
computer  running  the  VMS  operating  system  while  using  the  Tektronix 
4107  color  terminal.  The  program  has  been  used  extensively  on  a 
microVAX  computer  system  with  a  variety  of  Digital  Equipment 
Corporation  terminals  so  the  program  has  demonstrated  some  portability. 
The  program  incorporates  both  interactive  and  batch  processing  modes 
and  can  be  run  as  frequently  as  the  user  requires  -  daily,  quarterly, 
semi-annually,  etc.  Typically,  the  ASIP  manager  would  run  the  program 
quarterly  to  monitor  the  overall  usage  of  a  given  fleet  as  compared  to 
previous  quarters  or  years. 
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The  S.O.U.P.  consists  of  three  separate  phases  or  sub-programs 
named  Options,  Count,  and  Disply.  Options  and  Disply  can  be  thought  of 
as  pre-  and  post-processors  of  the  database  generated  during  the  middle 
phase.  The  Count  program  is  the  big  number-cruncher  which  creates  a 
very  large  database  from  the  user  input  parameters.  Each  individual 
phase  of  the  S.O.U.P.  program  will  be  discussed  below. 

Options  incorporates  an  interactive  menu  system  to  allow  the  user 
to  select  from  a  wide  variety  of  processing  parameters.  These 
parameters  include  such  things  as  aircraft  type,  date  (for  use  in 
restricting  the  data  to  be  included  in  the  analysis),  base,  command, 
and  several  statistical  categories.  These  parameters  will  be  presented 
in  more  detail  later.  The  user  receives  a  cursory  review  of  all 
processing  parameters  prior  to  submittal  of  the  batch  job. 

The  first  level  in  the  flow  of  the  Options  program  is  to  select  a 
parameter  file.  This  can  be  thought  of  as  a  template  or  style  sheet 
which  has  p: ?-selected  parameters.  The  user  then  proceeds  to  the  first 
level  where  aircraft  type,  date  range,  command,  base,  and  tail  number 
are  selected.  These  parameters  restrict  the  amount  of  flight  data  that 
will  be  processed.  For  instance,  a  specific  command  selection  such  as 
Air  Training  Command  would  allow  only  data  meeting  that  criteria  to  be 
considered  for  analysis. 

The  next  level  would  be  to  select  the  types  of  statistics  to 
gathered.  These  fall  into  four  broad  areas  known  as  ASIP,  ENSIP, 
O.U.P.  (operational  usage  profiles),  and  Spectra  data.  There  are 
additional  selections  in  each  of  these  categories  which  will  be 
highlighted  in  the  following  charts. 

The  final  level  would  be  to  review  the  parameter  selections  and 
start  the  data  processing.  The  parameters  selected  during  levels  one 
and  two  have  an  impact  on  the  processing  time  of  the  batch  job.  Level 
one  selections  have  a  small  impact  because  the  program  will  have  to 
investigate  each  and  every  flight  data  file  to  determine  if  it  meets 
the  criteria  for  analysis.  The  selections  on  level  two  (statistical 
categories)  have  a  much  greater  impact  on  processing  time  since  the 
program  will  only  sort  data  for  those  statistical  categories  that  are 
requested.  With  this  in  mind,  it  is  possible  to  make  the  appropriate 
parameter  selections  and  ensure  quick  turnaround  when  the  user  requires 
specific  results. 

In  each  of  the  statistical  categories,  there  a  number  individual 
selections  that  are  also  available  and  these  are  shown  on  the  next  four 
charts.  In  the  ASIP  area,  a  variety  of  cross  tabulations  can  be 
selected.  These  include  normal  load  factor  (Nz)  in  airspeed  and 
altitude  blocks,  Nz  exceedences  versus  airspeed,  altitude,  gross 
weight,  and  mission  segment,  flight  time  for  similar  categories,  and 
finally  information  about  the  aircraft  that  were  used  in  the  analysis. 

There  are  only  two  selections  in  the  ENSIP  category,  power  lever 
angle  versus  time  and  engine  speed  versus  time.  The  concept  for  this 


Air  Force  program  was  conceived  4-5  years  ago  and  the  requirements  for 
critical  ENSIP  parameter  study  was  limited  to  these  two  areas.  In 
addition,  none  of  the  four  aircraft  involved  in  this  program  are 
recording  any  ENSIP  information  on  their  MXU-553  recorder  syF*-ems.  As 
a  result,  this  portion  of  the  S.O.U.P.  has  never  been  validated. 

The  third  statistical  category  contains  operational  usage  profile 
(O.U.P.)  tabulations.  These  include  average  information  about  mission 
profiles  and  phases  (average  time  spent  in  a  major  mission  phase, 
average  gross  weight  and  velocity  in  a  phase,  etc.)  There  is  also 
information  about  discrete  Nz  occurrences. 

The  final  category  provides  information  about  Nz  exceedences  and 
vertical  tail  bending  moment  (VTMX)  or  lateral  acceleration  (Ny) 
exceedences.  An  analytical  equation  for  VTMX  for  both  the  T-38  and 
F-5E/F  is  used  to  calculate  the  bending  moment  and  the  S.O.U.P.  program 
tabulates  exceedences  for  this  parameter.  For  the  T-37  and  OA-37,  no 
such  equation  exists  and  the  exceedences  are  tabulated  for  Ny. 

Following  all  selections  using  the  Options  program,  the  batch 
processing  can  begin.  The  Count  program  develops  a  large  database 
based  on  the  selected  parameters  and  informs  the  user  that  the  job  has 
terminated . 

The  last  program,  Disply,  is  used  in  an  interactive  environment  to 
display  the  items  in  this  large  database.  This  program  uses  a  series 
of  menus  in  a  hierarchical  fashion  to  display  the  data  in  tabular, 
graphic,  and  histogram  form.  While  viewing  the  many  cross  tabulations, 
the  user  can  create  hardcopies  of  the  data  either  by  screen  copy 
commands  associated  with  the  Tektronix  terminal  or  by  routing  output  to 
the  system  line  printer  using  Disply  menu  selections. 

As  an  example  of  some  of  the  output  from  the  Disply  program,  the 
following  charts  have  been  chosen.  From  the  ASIP  category,  the  TIME 
PERCENTAGES  BY  SEGMENT  was  selected.  The  result  is  a  screen  which 
provides  some  background  on  the  data  included  in  this  analysis.  All 
commands  and  bases  have  been  included  as  well  as  all  dates  (0-99999). 
The  mission  "high  altitude  combat"  has  been  selected  and  represents 
58.5%  (545.83  hours)  of  the  total  hours  available  for  analysis  (932.57 
hours).  The  percentage  of  time  spent  in  each  major  mission  segment  is 
shown  on  the  bottom  of  the  chart.  This  data  can  also  be  displayed  in 
histogram  form  as  seen  on  the  next  chart. 

The  next  selection  is  from  the  O.U.P.  category  and  is  DISCRETE  NZ 
OCCURRENCES  BY  FLIGHT  CONDITIONS.  The  next  chart  shows  only  a  small 
portion  of  the  data  displayed  for  discrete  occurrences  for  1000  mission 
hours.  Only  the  primary  mission  segment  is  shown  and  the  Nz's  are 
limited  to  2.00  to  5.00  g's.  The  output  would  normally  consist  of  all 
mission  segments  and  shown  occurrences  out  to  9.00  g's  as  well  as 
negative  g's.  The  Nz's  are  tabulated  in  bands  for  each  representative 
flight  condition.  For  example,  for  1000  hours  of  high  altitude  combat 
mission  in  the  primary  phase,  there  were  1740  Nz  occurrences  between 
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2.00  and  2.50  g's  for  representative  flight  condition  number  1.  This 
flight  condition  has  been  previously  defined  as  a  Mach,  airspeed, 
altitude,  and  flap  setting  condition  for  the  F-5E.  This  particular 
output  by  the  Disply  program  can  be  quite  useful  in  dc. doping 
cycle-by-cycle  stress  information  for  crack  growth  analysis  in  further 
DTA  studies  or  comparisons. 

From  the  Spectra  category,  NZ  EXCEEDENCES  was  selected  and  the 
next  two  charts  show  the  type  nt  data  that  this  category  can  provide. 
The  Disply  program  cannot  plot  multiple  lines  per  graph  but  it  is  a 
simple  matter  to  take  the  tabular  information  from  Disply  and  plot  the 
data  on  a  separate  piece  of  log-linear  graph  paper.  The  first  spectra 
plot  shows  the  Nz  exceedences  (or  cumulative  occurrences  )  per  1000 
mission  hours  for  four  different  missions.  The  second  spectra  plot 
shows  the  Nz  exceedences  per  1000  phase  hours  for  each  phase  of  the 
high  altitude  mission. 

In  closing,  I  would  like  to  highlight  the  benefits  of  the  S.O.U.P. 
program.  It  is  now  possible  to  process  more  data  in  a  shorter  period 
of  time.  Spectra  plots  can  be  developed  in  about  one  hour  and 
cycle-by-cycle  stress  information  can  be  generated  in  2-3  days.  This 
process  used  to  take  2-3  months.  As  an  example,  if  the  ASIP  manager 
needed  comparison  spectra  plots  for  the  F-5E  aircraft  for  all  data 
during  the  year  1986  so  that  his  commander  could  have  the  information 
for  a  meeting  in  one  hour,  he  now  has  that  capability.  The  ASIP 
manager  would  use  the  Opcim.o  program  to  make  very  restrictive 
selections  from  all  processing  parameters  so  that  the  batch  program, 
Count,  could  run  in  the  shortest  time  possible.  The  spectra 
information  could  then  be  displayed  and  the  data  values  transferred  to 
a  convenient  form  similar  to  the  Nz  exceedence  plots  shown  in  the 
previous  charts. 

It  takes  less  manpower  to  use  the  S.O.U.P.  programs.  The  ASIP 
manager  can  sit  down  and  use  the  Options  program  near  the  end  of  the 
work  day  and  start  a  batch  process  job  that  could  run  overnight.  At 
the  beginning  of  the  next  work  day,  the  data  would  be  available  for  him 
to  develop  charts  and  tables  for  a  required  quarterly  update  of 
aircraft  usage. 

Using  the  program  and  associate  template  files,  the  analysis  and 
comparison  of  aircraft  usage  from  period  to  period  would  be  identical. 
Successive  ASIP  managers  for  a  given  aircraft  system  would  develop 
consistent  results  by  using  the  tools  provided  by  the  S.O.U.P. 
program. 

Finally,  the  S.O.U.P.  is  already  being  used  on  the  current 
contract  for  SA-ALC.  Some  of  the  results  for  nearly  1000  hours  of  F-5E 
data  have  been  shown  during  this  presentation.  Approximately  1300 
hours  of  T-37  flight  data  has  been  analyzed  and  a  report  issued  to  the 
U.S.  Air  Force.  By  contract  end,  about  1100  hours  of  OA-37  data  and 
over  3000  hours  of  T-38  MXU-553  data  will  have  been  processed  using  the 
S.O.U.P.  program. 


PROGRAM  INTERACTION  OVERVIEW 
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PEAK  IDENTIFICATION  TECHNIQUES 
(ABSTRACT) 


Prepared  for:  1987  USAF  Aircraft/Engine  (ASIP/ENSIP) 
Structural  Integrity  Program  Conference 

Peak  identification  is  performed,  primarily  for  flight 
measured  data,  to  reduce  the  amount  of  information  which 
must  be  considered  for  structural  life  analyses.  The  peak 
identification  methodology  applied  defines  those  points  in 
time,  and  therefore  limits  the  measured  data,  for  which 
further  analysis  will  be  performed.  Ideally,  the  peak 
identification  technique  used  will  retain  all  stress  cycles 
which  contribute  to  structural  damage  while  eliminating 
those  times  within  an  aircraft's  life  which  are  unimportant 
in  a  structural  sense.  In  this  context,  that  criteria  is 
quite  severe.  To  fulfill  those  requirements  would  mean  that 
all  aspects  of  the  aircraft  structure  is  well  understood, 
which  is  seldom  the  case,  and  that  all  future  concerns  have 
been  anticipated,  which  is  never  the  case. 

Peak  identification  methods  can  have  a  profound  effect  on 
the  structural  life  analyses  which  are  performed  for  the 
resulting  spectra,  and  realizing  these  effects  has  become 
even  more  important  with  the  advent  of  on-board,  or  black 
box,  processing  of  fight  recorded  data.  There  is  a  current 
trend  toward  automated  analyses,  including  spectral 
development.  While  this  trend  may  be  necessary  due  to  the 
amount  of  work  required  for  the  limited  staffs  available, 
there  is  a  danger  which  is  inherent  in  using  procedures 
which  are  not  well  understood  or  for  which  the  limitations 
are  not  known . 

This  Peak  Identification  Techniques  presentation  is  limited 
to  a  discussion  of  methods  by  which  peak  maneuver  response 
times  are  established.  The  presentation  does  not  discuss 
ordering  techniques  such  as  rang-pair  or  rain-flow. 
Additionally,  the  presentation  primarily  addresses  fighter, 
attack,  and  fighter-trainer  aircraft.  Although  examples  and 
discussions  are  based  on  these  limitations,  the  concepts 
presented  have  implications  across  a  broad  range  of 
applications . 

The  Peak  Identification  Techniques  presentation  concentrates 
on  three  established  methods  of  peak  identification.  These 
methods  are  known  as  "Conventional  Count"  or  "503 
Rise-Fall",  "Range  Pair"  or  "Fixed  Increment",  and  "Counting 
Accelerometer"  or  "Fixed  Return".  It  should  be  noted  that 
the  method  known  as  "Range  Pair"  does  not  refer  to  the 


occurrence  ordering  technique  known  as  "Range  fuj  i  i»ig" 

but  is  a  name  assigned  to  a  peak  identification  technique 
which  was  originally  established  to  be  used  in  conjunct  ion 
with  "Range  Pair  Counting" .  Each  of  these  peak 
identification  techniques  is  described  in  terms  ot  a  >;ria 
and  examples . 

In  order  to  compare  the  effect  of  using  these  tin  ee  peak 
identification  methods,  crack  growth  analysis  results  are 
given  for  actual  flight  data  obtained  using  each  method. 
Also,  crack  growth  analysis  results  are  given  for  the 
resulting  data  as  processed  by  three  cycle-by-cycle 
development  techniques.  These  cycle-by-cycle  development 
techniques  are : 

1 .  direct  cycle-by  -cycle,  where  the  actuax  saved  maxima 
and  minima  values  are  used. 

2.  max  occurrence  spectrum  with  one  g  return,  where 
each  occurrence  within  a  maxima  range  is  assigned  a 
range  midpoint  value  and  is  coupled  with  a  normal 
load  factor  of  one  g.  The  result  is  randomly 
sequenced. 

and 

3.  max-min  matrix  where  a  two  dimensional  matrix  of 
occurrences  for  maxima  and  minima  ranges  is  created 
and  the  result  is  randomly  sequenced. 

Implications  of  the  choice  of  peak  identification  techniques 
are  discussed.  This  discussion  is  given  not  only  in  an 
absolute  sense,  but  with  respect  to  the  manner  in  which  Ihe 
peak  identified  data  is  to  be  used.  The  comparisons  given 
above  are  used  to  describe  the  dangers  in  using  spectral 
data  established  in  a  manner  which  is  not  consistent  with 
the  analytical  methods  utilizing  that  data.  The  presentation 
is  concluded  with  recommendations  for  peak  identification 
techniques  to  be  used  for  various  circumstances  and 
suggestions  for  further  investigations. 
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Presentation  Abstract  for 
Maneuver  Spectra:  THE  ED IT /PRE-ANALYSIS  PROGRAM 


The  topic  of  this  presentation,  "Maneuver  Spectra:  The 
ED IT/PRE -ANALYSIS  Program"  deals  with  the  computer  software 
program  called  the  EDIT/PRE -ANALYSIS  Program.  This  program  is 
the  second  of  three  programs  developed  for  the  San  Antonio  Air 
Logistics  Center  by  Alamo  Technology,  Inc.  (ATI) . 

The  EDIT/PRE -ANALYSIS  (EPRE)  Program  is  an  interactive  utility 
program  which  allows  the  user  to  make  multiple  revisions  to 
compressed  MXU-553  data.  It  has  also  been  tailored  to  accept 
microprocessor  data  which  will  extend  its  usefulness.  The 
program  also  provides  a  convenient  method  of  marking  the  major 
mission  segments  of  the  flight  data. 

The  pre-processing  program  for  EPRE  is  the  DATA  COMPRESSION 
Program.  It  reduces  the  amount  of  flight  data  by  retaining 
only  the  records  associated  with  structural  stress  peaks  and 
periodic  times  necessary  for  mission  identif ication . 

The  post -processing  program  to  EPRE  is  the  AUTOMATED  SPECTRA 
AND  OPERATIONAL  USAGE  PROFILES  Program.  It  computes  and 
presents  maneuver  spectra  data. 

EPRE  uses  the  Aircraft  Flight  Database  developed  by  ATI  and 
currently  accepts  data  from  several  different  aircraft.  The 
aircraft  include  the  F-5E,  T-37,  OA-37,  and  T-38.  The  program 
was  designed  so  that  new  aircraft  types  can  be  easily  added. 

EPRE  is  divided  into  two  major  parts:  Edit  and  Pre-Analysis. 
The  Edit  portion  displays  the  flight  data  in  tabular  form,  much 
like  the  popular  spreadsheet  programs  for  personal  computers. 
It  allows  the  user  to  change  any  value  in  the  flight  data  or  in 
the  header  record  that  accompanies  each  flight  file.  If  the 
user  changes  a  parameter  value  that  is  used  in  the  calculation 
of  the  Vertical  Tail  Bending  Moment  (VTMx)  ,  VTMx  is 
automatically  recalculated.  Also,  since  the  Gross  Weight  is 
calculated  linearly,  if  the  user  changes  a  Gross  Weight  Value, 
Gross  Weight  for  the  remainder  of  the  flight  is  recalculated. 
The  same  is  true  if  the  user  changes  the  Gross  Weight  at  Take- 
Off,  Fuel  Weight  at  Take-Off,  or  the  Fuel  Weight  at  Landing 
parameters  in  the  header  record. 

The  Pre-Analysis  portion  of  the  program  allows  the  user  to  see 
the  data  displayed  graphically.  Through  the  use  of  screen 
prompts,  the  user  can  define  which  parameters  he  wants  to  see 
graphed.  The  program  will  display  up  to  three  graphs  at  once 
on  the  screen  and  up  to  three  parameters  per  graph.  It  also 
allows  the  user  to  choose  to  have  the  header  record  information 
displayed  or  to  use  that  space  to  increase  the  resolution  of 
the  plots.  The  user  can  save  the  configuration  of  plots  and 
even  develop  a  library  of  configurations. 
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Another  important  part  of  the  Pre-Analysis  section  of  EPRE  is 
its  capability  to  easily  mark  the  major  mission  segments.  The 
user  can  move  a  vertical  line  back  and  forth  across  the  screen 
and  mark  the  Climb,  Cruise,  Primary,  Descent,  Pattern,  and 
Unknown  flight  segments.  The  data  is  automatically  updated  as 
the  user  marks  each  segment . 


Through  EPRE  the  user  can  examine  and  change  aircraft  flight 
data  in  both  its  numeric  and  graphic  forms.  The  EDIT/PRE¬ 
ANALYSIS  program  facilitates  the  evaluation  of  aircraft  flight 
data  in  a  way  never  before  realized  by  the  Air  Force.  Data 
Channels  which  appear  questionable,  have  been  easily  verified 
using  EPRE.  Perhaps  the  most  impressive  quality  of  the  EPRE 
Program  is  the  interactive  color  graphic  user  interface  that  is 
easy  to  learn  and  thorough  in  its  application;  at  the  same 
time,  it  maintains  the  users  interest  in  a  tedious  task.  The 
ED IT/PRE -ANALYSIS  program  has  a  bright  and  useful  future,  not 
only  just  for  SA-ALC,  but  other  ALC' s  as  well. 
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1987  AIRCRAFT/ENGINE  CONFERENCE 
( ASIP/ENSIP) 


1-3  DECEMBER  1987 


HILTON  PALACIO  DEL  RIO 


SAN  ANTONIO,  TEXAS 
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MR  JAMES  ABEL 
ELECTSCSPACE  SYSTEM  DIG 
STRUCTURAL  ANALYST 

::c:  e  collins  blvd 

RICHARDSON  TX  75C83-CCC1 
(211) 170-2513 
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MR  CLINTON  D  ALLISCN 
US  AIR  FORCE 
DIR  CF  ENGR 
AFALC/ERE 

WRiaiT-PATTEP-SCN  AFB  CH  45433-0C01 
(513)  255-5323 


MR  IAN  A  ANDERSCN 
ROYAL  AUSTRALIAN  AIR  FORCE 
AUSTRALIAN  DEPT  OF  DEFENSE 
P  O  BOX  C 

IIAZELWOCD  MD  63042-0001 
(314)232-6307 


MR  ALFONSO  G  APONTE 
U  S  AIR  FORCE 
AEROSPACE  ENGINEER 
ASD/B1EFS 

WRIGHT-PATTERSCN  AFB  CH  45433-0001 
(513)255-6376 


2LT  SUZANNE  G  ARNOLD 
US  AIR  FORCE 
STRUCTURAL  ENGR 
SA-ALC/MMSA 

KELLY  AFB  TX  73241-0001 
653-9672 


HERMAN  AXELROD 
GRUMMAN  AIRCRAFT  SYSTEMS 
STAFF  ENGINEER 
All-112 

175  BROAD  HOLLOW  FOAD 
MELVILLE  NT  11747-CCC1 
(:iG)7;5-212S 
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MR  AIT.  ;ET  AYTEXEN 
U  3  AIR  FORCE 
F-1G  TECH  LIAS ION  OFF 
TURKISH  -OR 
MMA-L-TK 
CGDEN  Ell 
777-7581 


,'R3  CT  34C56-0CC1 


MR  JAMES  V  3ACHAND 
DCD  PRODUCT  ENGFO  SERVICES 
FRCJZCT  OFFICER 
DPESO-XB 

DEFENSE  LOGISTICS  AGENCY 
ALEXANDRIA  VA  22304-5133 
(703)  756-3994 


MR  ROBERT  M  BADER 
U  S  AIR  FORCE 
STUCTURES  DIVISION 
ASSISTANT  CHIEF 
AFWAL/FIB 

WRIGHT-PATTERSCN  AFB  CII  45433-6553 
(513)255-3031 


MR  MICHEL  BEAULIEU 

CANADAIR 

STRUCT  ENGR 

1800  LAURENTIAN  3LVD 

MCNTTuZiL  —  CANADA 

(514)  744-1511 


MR  ROBERT  E  BEGIN 

U  S  AIR  FORCE 

4950  TEST  W/AMCA 

CHIEF,  STRUCTURAL  TECHNOLOGIES 

WRIGHT-PATTERSCN  .\FB  CH  45433-6513 

(513)257-6248 


MR  TERRY  C  DELL 
LCCKHEED-GECRGL- 
DEFT  72-73  ZCNE  33 
STRUCTURES  ENCE 
86  S  COBB  DR 
MARIETTA  2A  33335-0001 
(’.Cl)  12 1-34  70 
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MT.  BAA  _D  L  BELL 
UNTY*IRS 
TECLNCL 
1273  N  FAIRFIELD  ED 
DAYTON  CH  15432-2C3 I 
(513)  253-64-13 


MR  ALAN  P  BEPJENS 
UNIVERSITY  CF  DAYTON 
RESEARCH  INSTITUTE 
SENIOR  RESEARCH  STATISTICIAN 
300  COLLEGE  PARK  DR 
DAYTON  CH  15  1GD-00C1 
(513)229-4475 


MR  RICHARD  E  3ESS 
US  AIR  FORCE 
C-17  LEAD  STRUCTURE 
A3D/YCEF 

WRIGHT-PATTERSON  AFB  C1I  15433-0001 
(513)255-5427 


MR  BCD  BILLINESLEY 

HE3CC,  INC 

AEKO  aNGR 

217  E  ATKINSON 

MIDWEST  CITY  CK  73110-0001 

733-0C55 
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LOCKHEED -GEORGIA  COMPANY 
FATIGUE  AND  FRACTURE  ANALYSIS 
DEPT  72-78  MAIL  ZONE  53 
CG  S  OCRS  DR 
MARIETTA  GA  3C063-0001 
(404)  421-31C0 


MR  ROGER  T  BCLSTAD 
FATTQUE  TECHNOLOGY  INC 
PROJECT  ENGR 
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TITUS  ERCEK 
FRACTURESEAIICH 
ASSISTANT  MANAGER 
9049  CUFSTCNE  DRIVE 
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(51 1)365-2999 


MR  KENNETH  E  BROWN 
LOCXHEED-GE3RG IA 
D/72-78  MAIL  ZONE  53 
STAFF  ENGR 
8G  SOUTH  COBB  DR 
MARIETTA  GA  30C63-0001 
(404)  425-5194 


DR  THOMAS  R  ERUSSAT 

LOCKHEED 

GROUP  ENGR 

DEPT  76-82/B65/A-1 

FO  BOX  551 

BURBANK  CA  91520-0001 
(813)  847-6111 


MR  ROBERT  J  BUCCI 
.ALCOA 

PRO  JOT  DESIGN  .1  MECHANICS 
SR  .ECIDTCAL  SFECLALIST 
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DR  HAI.  BURNSIDE 

southwest  research  institute 

ENGINEERING  MECHANICS 
MANAGER 

PO  DRAWER  28510 
622C  CULZBRA  ED 
CAN  ANTCNTO  TX  782S4-C0C1 


MR  DEVIN  G  BUTTS 

AIAMO  TECHNOLOGY  INC 

SR  SCFT.vVEE  ENG 

301  S  FRIO  #102 

SEN  ANTONIO  TX  78207-0CC1 

(512)  270-4513 


ME  CHARLES  F  BUYNAK 
US  AIR  FORCE 
R\TERI AIE  ENGINEER 
AFW.AL/MLLT 

VTXRTT.YXTNREGN  AF3  CH  45433-6533 
(513)255-9302 


MR  DAVE  T  CARKCCCEA 

STEARNS  ROGER 

FRCJECT  ENGR  MECHANICAL 

4500  CHERRY  OTHER  DR 

FO  BOX  5383 

DENVER  CO  80217-0001 

(303)632-4732 


MR  PETER  J  CARUSO 
NCHRillX’ 

DEFT  37C1,  MS  83 
El  .G  J.NEER 
1  NCRTHRCD  A  .  I 
HAWTHORNE  CA  33250-CCC1 
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GE/AIRCRAFT  ENGINE 
MGR 

MS  210  GW 
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( G 17 )  531-2333 


FRANCIS  H  CHANG 

GENERAL  DYNAMICS 

NDE  A  SENSORS  DEVELOPMENT 

ENGINEERING  CHIEF 

MZ  5081 

PO  BCX  748 

PORT  WORTH  TX  7G1C1-CCC1 
(217)777-3780 
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30 1  S  FRIO 
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MR  J  B  COCHRAN 
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GP  ENGR 

DEPT  72-71 
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GENERAL  ELECTRIC  COMPANY 
EML4/.AETD 

MGR  STRUCTURAL  INTEGRITY  TECH 
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US  AIR  FORCE 
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ASD/YPEF 
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WRIGUT-FATTERSCN  AFB  QU  45433-0001 


MR  WILLIAM  D  COTE 
TJ  S  AIR  FORCE 
AEROSPACE  ENGR 
1841  TSEEELN  ED 
XENIA  OH  45335-0C01 
(513)255-3279 


MR  MATTHEW  CREAGFR 

STRUCTURAL  INTEGRITY  ENGINEERING 

CONSULTANT 

95G0  TCPANJA  CANTON  BLVD 
CIATSWCETII  CA  91311-0001 
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MR  DAVID  H  CROCKER 
NATIONAL  DEFENSE  HQ 
DEPT  OF  NATIONAL  DEFERS! 
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86  S  COBB  DR 
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MR  EDWARD  A  DAVIDSON 
US  AIR  FORCE 
AEROSPACE  ENGINEER 
ASD/ENFSF 
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(513)  255-3331 


MR  JOHN  L  DAVIES 
CANADAIR 
MILITARY  SUPPORT 
SECIN  CHIEF  AFSYST  TECH 
MS  882 

MCNTREAL  QUEBEC  CANA  —  1195  5KG 
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MR  RODNEY  R  DAVIS 
US  AIR  FORCE 
LOGISTICS 
ASD/AEAL 
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MR  ANTHONY  G  DENYER 
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CAPT  BRIAN  J  BUDDY 
US  AIR  FORCE 
MANAGER 
SA-ALC/MMSA 

KELLY  AF3  TX  78241-CCC1 
(512)  925-4525 


MR  DENZIL  M  DUNCAN 
MCSITES  RUBBER  COMPANY 

s/iLES  mcr 

PC  BOX  2115 

FORT  NORTH  TX  76.113-0001 
(317)335-2151 


MR  ROBERT  C  RATIN' 
DOUGLAS  .AIRCRAFT  COMPANY 
BRANCH  >:cr 
DEPT  E-8 1  MS  33-29 
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BRL’CE  C  GALT 

LOCIIHEED 

RAD  ENCR 

MS  390/4, A1 

P  O  BCX  551 

BURBANK  CA  91520-0001 

(313)317-4230 


MR  RAY  GARYY 
MCSITES  RUBBER  COMPANY 
PRESIDENT 
PC  BCX  2115 

FORT  WORTH  TX  76113-CCC1 


MR  TONY  G  GERARDI 
U  S  .AIR  FORCE 
FLIGHT  DYNAMICS  LAB 
AERO  ENGINEER 
AFWAL/FIIJE 

WRiarr-PATTERSON  ALB  Cl  I  13432-0CC1 
(513)255-2544 


MR  F  JOSEPH  GIESS1.ER 
UNIVERSITY  OF  DAYTON 
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M3.  1  DAVID  QCMEZ 

▼  TC  \  T7PT3r"~* 


AFCCLR/MEL 
AEROSPACE  ENGINEER 


’ .RICHT-PATTEHSCN  AF3  (31  4543C-S0CC 
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.M-DKN  GCNSiEXA 
U  S  AIR  PCRCK 
1350  TEST  W/AMD 
ACTING  DIV  CHIEF 

WRIGHT-PATTERSCN  AFB  Cl  I  45433-G5I3 
(513)257-3548 


MR  LAWRENCE  L  GCRE 
HEITII  TECHNA  AEROSPACE 


1CS19  84TH  AVE  SOUTH 
KENT  WA  98032-0001 
(206)  872-7500 


/IRIS  J  GREEN 
US  AIR  FORCE 
/IZRCSPACE  ENGF. 
SA-ALC/MMSA 

KELLY  AFB  TX  78241-5CCG 


MR  FRA:*  M  GRIMSLEx 
US  AIR  FORCE 
AEROSPACE  ENGR 
ASD/YSEF 

wRiarr-EirrERCoN  afb  oh  45433-0001 

(513)  255-3522 


MR  BCLF1NG  G  GUSTAV 

SWISS  FEDERAL  AIRCRIFT  FACTORY 

MPC  rNG  EH  I 

TITLISSTR  31 

ELM1E.TMXXE 


i;i  5311  31 


MR  JCILN  A  HARRIS  JR 
PRAT!  1  WHITNEY  AIRCRAFT 


DEVELCFMENT  ENGINEER 
MS  707-20 
PO  BOX  10°^0 

WEST  PALM  BEACH  FL  33410-9^' 
(305)340-5552 


MR  WILLIAM  D  HARRIS 
MCDONNELL  DCUGRIS  COMPANY 
MGR  STRUCTURES  DEPT 
5 CC0  E  MCDOWELL  RD 
MES/IE  AZ  85205-0001 
(602)  891-5SG3 


MR  KERMIT  W  KELMKE 
US  AIR  FORCE 
AEROSPACE  ENGINEER 
AFLC/MMTES 

WRiarr-PATTERSCN  AFB  CH  45433-0001 


MR  ROBERT  II  HEMP 
HQ  ATC  WE/IPCN  SYSTEM  DIV 
AIRCRAFT  EQUIP  SPEC 
ATC/LGMA 

RANDOLPH  AFB  TX  78150-5001 
(512)652-3171 


MR  WILLIAM  L  HERRON 
GENERAL  ELECTRIC 
MGR  NDE  APPLICATIONS 
MS  G3 

1  NEUMANN  WAY 
CINCINNATI  CH  45215-OCOi 
(513)552-4681 


MR  ROBERT  F  HILL 
TECHNOLOGY  FCR  ENERGY  CCEP 
STRESS  ANALYSIS 


ONE  ENERGY  CTT. 

10737  lexinct;::;  or. 
KNOXVILLE  TN  37932-0096 
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MR  BRLVX  HCRANSXI 


PC  3CX  871 
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LT  MARK  X  HORN 
US  AIR  FORCE 


AEROSPACE  ENGINEER 
ASD/B1EFS 

WRIC2  H-PATTERSCN  AFB  OH  45433-6503 


(313)255-6376 


DR  T  C  HUANG 

UNIVERSITY  OF  WISCONSIN 

ENGINEERING  MECHANICS  DEPT 

PROFESSOR 

1115  JOHNSON  DR 

MADISON  WI  53706-0001 

(608)  262-0424 


M.VJ  DOUG  IRKXTT 
US  AIR  FORCE 
MAJOR 
AF.v.VL/MIES 

OIL  I  d  IT  -  P.  VITERS  CN  AFB  CH  45433-0001 
(513)255-3370 


EE  HICM-’O  R  INGRAM 
ASTRO  LOCKHEED  GEORGIA 
AEROSPACE  ENGR 
86  S  COBB  DRIVE 
MARRIETTA  GA  2C0G1-CC01 
( 1C  1) 123-2564 


MR  ALLAN  LI  JOHNSON 


BOEING  MILITARY  AIRPLANE 


PRINCIPAL  ENCR 
3801  S  OLIVER 
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PRCJ  ENGINEER 


BEELINE  EC 

W  L.'JJl  BENCH  FL  33412 

(305)810-5:3: 


kenji  kajiura 

MITSUBISHI  HE' AY  INDUSTRIES ,  LTD 

CR  TTVQ  T'\'pT,T> 

NAGOYA  AIRCRAFT  WORKS 
IO,  OYE-CHC,  MIXYTC-XU 
NEGOYA  XX  JAPAN 


MR  MITCHELL  KAPLAN 
WILLIS  KAPLAN  ASSCC 
ENGINEER 

3335  N  ARLINGTON  IIGHTS 
ARLINGTON  1IGHTS  IL  60001 
(312)577-5446 


JUNJI  KAWAXITA 
MITSUBISHI  HEAVY  IND,  LTD 
MGR  F-15/F-1  PROJ  SER  DEPT 
NAGOYA  AIRCRAFT  WORKS 

1,  TCYCBA,  TOYOY.YIA-CEC,  N1SIILX.\SUGAI-GUN 
AICHI-KZN  43C-02  XX  JAPAN 


MR  RON  J  XECARISE 
ALCOA 
QA  MANAGER 
PC  EOX  3567 

DAVENPORT  L\  323C8-CCC1 
(313)339-0416 


MR  FARXVILI  F  XEYYANTAR 
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CEATSWCRX:  CA  61  31 1 
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MR  ROBERT  M  KIDD 
US  .UR  FORCE 
PROJECT  ENGR 
ASB/YCEF 

WRIGHT  -PATTERSCN  AFB  CIJ  13  i-M-COCl 
(512)255-5427 


MR  TROY  T  KING 

PRATT  &.  WHITNEY 

SENIOR  TECHNICAL  CONSULTANT 

MS  711-31 

P  0  ECX  1096C0 

WEST  PALM  BEACH  FL  32410-9600 
(305)840-1466 


NORMAN  F  KLARQUIST 
AERONAUTICAL  SYSTEMS  DIVISION 
MATERIALS  ENGINEER 
AEWAL/MLSS 

WRiarr-PATTERSON  AFB  CH  45433-6533 
(513)255-3321 


MR  ELMER  B  LAMMCN 
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PRESIDENT 
SUITE  704 
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MR  MICHAEL  A  LANBY 
FATIGUE  TECHNOLOGY  INC 
ENGINEERING  MANNER 
150  ANDOVER  PARK  W 
PO  BOX  C -88333 
SEATTLE  WA  93128-0001 
(206)246-2010 


MR  RICHARD  R  LAURIDLV 

ltv  AEROSPACE  &  DEFENSE  COMPANY 

STRL'CTJRES  DIV 

TECHNICAL  PROJECT  MGR 

MS  291-65 

P  O  BOX  225907 

DALLAS  TX  75265-0001 

(214)266-4267 
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LT  CO  JOSEPH  R  KCLEK  JR 
U  S  AIR  FORCE 
LT  CCL 
AEWAL/MLS 

WRIC3IT-PATTERSON  CH  45432-0001 
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CAFT  HANDY  J  KCSINSKI 
U  S  AIR  FORCE 
SA-ALC/MMSA 

KELLY  AFB  TX  78241-0001 
925-4225 


MR  JOSEPH  KOZOL 
NAVAL  AIR  DEVELOPMENT  CTR 
MrATERLVLS  ENGINEER 
CODE  6CGC 

WARMINSTER  PA  13374-50CC 
(215)441-7035 


MR  GEORGE  E  LAW 
GENERAL  DYNAMICS 
COMPOSITE  STRUCTURE 
ENGINEER  CHIEF 
MS  2163 
PO  BOX  743 

PORT  WORTH  TX  76101-0001 
(817)777-2121 


MR  ROBERT  P  LEGAL 
MCDONNELL  AIRCRAFT  CO 
UNIT  CHIEF  TECH 
BLDG  65  RM  412  DEPT  334 
PO  BOX  516 

ST  LOUIS  MO  63166-0001 
(214)777-7434 


MR  CLETL'S  E  LEHMAN 
U  S  AIR  FORCE 

SA-.VLC/MMVTHB 

KELLY  AFB  TX  73211-5000 

(5:2)325-6825 
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proem  engineer 
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DR  JOHN  W  LINCOLN 
US  AIR  FORCE 
TECHNICAL  EXPERT 
ASD/ENFS 

WRIGHT-PATTERSCN  AFB  Oil  45433-6533 


MR  HANS  CRETINS 
GARRET  TURBINE  ENG 
PRJ  ENGINEER 
111  S  34*111  ST 
PHOENIX  AZ  85C10 
(602)231-5712 


MR  JIM  LCFTIS 
ELECTROSPACE  SYSTEMS  L\*C 
STRUCTURAL  ANALYST 
1301  E  OCLLLNS  BLVD 
RICHARDSON  TX  75083-0001 
(214)470-2512 


MR  JOHN  J  LUCAS 
SIKORSKY  AIRCILU-T 
MATERIALS  engineering 
MCR  STRUCTURES  MATERL'iLS 
MS  S556A 
ICO  N  M/YIN  ST 
STRATFORD  CT  06497-0001 
(203)386-4330 


MR  WILLIAM  A  LUCIER 
BOEING  OF  CANADA  LTD 
ARNPRIGR  Dr/ 

PRCJ  ENGR 

ARNPRIOR  ONTARIO  CAN  K7S3M1 
(613)025-4207 


MR  ROBERT  MAGI 
U  S  AIR  FORCE 
AEROSPACE  ENCR 
ASD/ENFSL 

WRiarT-FATTZRSCN  AFB  CII  12  133-6533 
(513)235-3353 


MR  ROBERT  L  MARKER 
SYSTEMS  RESEARCH  LABS, INC 
SR  REGIONAL  OFFICE 
STE  230 

730  E  MULBERRY  AVE 
SAN  ANTONIO  TX  78212-0001 
(512)  736-0595 


MR  GCTTIET  MARKUS 
FED  DEPT'  ,URCFT  FACTORY 
ROSENGARTEN  STR  26 
HOaiDCRF 

SWITZERLAND  —  6780 


JENNIFER  M  MARTIN 
GENERAL  DYNAMICS 
STRUCTURAL  DESIGN 
ENGINEER 

MC  OQ  **  r> 

PlO  faOOU 

P  O  BOX  748 

FCRT  WORTH  TX  76101-0CC1 
(817)777-5943 


MR  MIKE  MARTCN 
NORTHROP  ASD 
MANAGER 

904  890C  WASHINGTON  BLYB 

PICO  RIVERA  CA  9CC60 
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MR  GCRDC.N  R  NEC.IARD 
DIRECTOR  AS  LAC 
AFVAL/FIBiiA/.\£  LIC 
WRIGHT-r.lTTERSON  .IRC  011  13423-5532 
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3im:  PARDEE 

TECHNOLOGY  FOR  ENERGY  CORT' 

engineering  atii cations  lab 


1C737  LEXINGTON  DRIVE 
IJlCXV i Li Ji  IN'  2  ~-~2-uC3i. 


MR  WILLIAM  PEIRCE  JR 
C:  AVION! CO 
CONSULTANT 
29  PEBBLE  BlllCIi  JR 
OHALLMAR  FL  32573-0C01 
(901)331  -222.: 
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MR  RAYMOND  A  PETTY 

nr"4  v  w  '"•'"‘•JR  a\IV 
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'•SCR  ADV  SYS  TECH  CCYT  PROGRAM  DEV 
MS  35-38 
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LONG  BEACH  CA  30846-0001 


(213)533-6810 


MR  WAITS:  a  POWELL 
U  3  AID.  FORCE 


G52-3C64 


MS  CATHERINE  M  PRESCOTT 
U  S  .MR  FORCE 
AERO  ENGINEER 
AFWAL/FT2AA 

WRISirr-P.MTERSCN  .YFB  CH  45433 
(313)253-5334 
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AIRCT-ITT  MMITEMUNCE  SUFVR 
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CATT  tcrstem  m  hkcde 
U  S  .MR  FORCE 


AFWAL/MLSS 

WRIGIET  PATTERSON  AFB  CH  45433 
(513)235-5427 


MR  RICHARD  II  ROSE 
NCRTHECP 


EN’GR  SPEC 

8C-CC  E  WASHINGTON  HD 
PICO  RIVERA  CA  90660 
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Ml  JAMES  L  RUDD 
U  3  AIR  FORCE 
TECH  MANAGER 
x'JTiVAL/  FXBZ 

aILICIjT-PATTSRSCN  AFB  CH  45433-6552 
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MR  GEORGE  J  SQINIEDER 
SIKORSKY  AIRCRAFT 
ENGINEERING  DEFT 
MS  S314A 

100  N  MAIN  ST  •  ^ 
STRATFORD  CT  06601-0001 


MR  KURT  H  SCHRADER 

SOUTHWEST  RESEARCH  INSTITUTE 

SR  RESEARCH  ENG1 

6220  CULEBRA  RD 

SAN  ANTONIO  TX  78284-0001 

(512)522-3322 


MR  GEOF  G  SEMAHK 

CANADAIR  INC 

MANAGER  PRODUCT  SUPPORT 

5200  HENRI  BOURASSA  BLVD  W 

ST-LAURENT  QUEBEC  —  H4R  1V9CAN 

(514)744-1511 


MR  RAMESII  C  SHAH 
BOEING  MILITARY  AIRPLANE 
PRINCIPAL  ENGINEER 
P  O  BOX  3707 
MS  4D-49 

SEATTLE  WA  98124-0001 
(206)241-4425 


MR  MARK  P  SIEGEL 

NORTHROP  OCRP 

SR  TECH  SPEC 

8900  E  WASHINGTON  BLVD 

PICO  RIVERA  CA  90660 

(213)948-0905 


CAPT  RANDY  A  SMITH 
US  AIR  FORCE 
AS IP  MANAGER 
DEPT  6  27G2L3/MEI 
NORTON  AFB  CA  92409-0001 


(714)381 


MR  HERB  G  SMITH 
MCDONNELL  AIRCRAFT 
SR  ENGINEER 
P  O  BOX  516 
ST  LOUIS  MI  63166 
(314)233-9700 


MR  KENNEIH  F  SNYDER 
US  AIR  FORCE 
EQUIP  SPECIALIST 
F-16  TCG 
HILL  AFB  UT 
(801)  777-6864 


MR  WILLIAM  A  SPARKS 

ALAMO  TECHNOLOGY  INC 

ENGRG  CONSULTANT 

301  S  FRIO  ST 

SAN  ANTONIO  TX  78207-0001 

(512)755-8725 


CAPT  SIDNEY  J  STUBBS 
U  S  AIR  FORCE 
C-5  ASIP  MGR 
SA-ALC/MMSA 

KELLY  AFB  IX  78241-0001 
(512)925-4525 


MR  JIM  A  SUAREZ 
GRUMMAN  AEROSPACE  CORP 
PROJECT  MGR 
PLANT  12 

BETHPAGE  NY  11714-0001 


MR  MIKE  G  SULLENTRUP 
MCDONNELL  AIRCRAFT 
SR  ENGR 
7494  NAPLES  DR 
HABELWOCD  MO  63042 
(314)234-0048 
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